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O objetivo neste estudo foi avaliar o efeito de fotoiniciadores e agentes redutores na 
eficiência de cura e estabilidade de cor de compósitos experimentais fotoativadas 
por diodos emissores de luz (LEDs) com diferentes comprimentos de onda. Para 
tanto, esse estudo foi realizado em duas partes. Na primeira, a substituição total do 
sistema convencional à base de canforquinona (CQ) por fotoiniciadores alternativos 
foi avaliada utilizando-se fenil-propanodiona (PPD), óxido mono-alquil fosfínico 
(TPO) e óxido bis-alquil fosfínico (BAPO). Para o sistema convencional (CQ), 
diferentes agentes redutores foram testados: dimetil aminoetil metacrilato 
(DMAEMA), 4-dimetilamino benzoato (EDAB) e álcool dimetilamino feniletílico 
(DMPOH). Na segunda parte, substituições parciais foram testadas utilizando-se 
combinações com 75/25, 50/50 e 25/75 mol% de CQ para TPO. Para fotoativação, 
foram utilizados LEDs com emissão de comprimentos de onda azul (420-495 nm), 
e/ou azul e violeta (380-495 nm). A eficiência de cura foi avaliada por meio de 
espectroscopia em infravermelho com transformada de Fourier e a cor e estabilidade 
de cor por meio de espectrofotometria. A estabilidade de cor foi analisada antes e 
após a fotoativação e após envelhecimento artificial acelerado. Adicionalmente, a 
transmissão de luz foi avaliada para explicar os resultados de eficiência de cura em 
profundidade. Todos os dados foram analisados pela ANOVA e teste de Tukey para 
comparações múltiplas (α=0,05). Testes de regressão também foram utilizados. Na 
primeira parte do estudo foi verificado que os compósitos contendo CQ 
apresentaram maior alteração de cor após a fotoativação. Entretanto, essa alteração 
de cor ocorreu principalmente dentro do eixo azul-amarelo. Assim, após a 
fotoativação, houve uma redução no grau de amarelo. Quanto à transmissão de luz, 
foi observado que apesar da menor transmissão de luz pelos compósitos contendo 
CQ em comparação aos contendo fotoiniciadores alternativos, maior alteração na 
transmissão de luz ocorreu durante a polimerização. Consequentemente, os 
compósitos contendo CQ apresentaram maior transmissão de luz após fotoativação. 
Forte correlação foi encontrada entre a alteração de cor do compósito durante a cura 
e alteração na transmissão de luz. Devido aos resultados não favoráveis com o 
		
PPD, este foi excluído dos demais testes no estudo. Quanto à estabilidade de cor, 
os compósitos contendo óxidos fosfínicos apresentaram maior alteração de cor em 
comparação as diferentes formulações contendo CQ. A formulação com menor 
alteração de cor foi CQ/DMPOH. Entretanto, os compósitos contendo CQ tornaram-
se mais amarelos, enquanto que, os materiais contendo BAPO ou TPO, mais 
brancos e menos amarelos após o envelhecimento. Na segunda parte, foi verificado 
que para materiais contendo CQ e TPO, maiores percentuais do óxido fosfínico 
reduziram amarelamento e alteração de cor do compósito, tanto após a fotoativação 
como ao longo do tempo. Entretanto, a substituição da CQ a partir de 75 mol% 
provocou redução do grau de conversão. Desta forma, foi possível concluir que a 
substituição total da CQ por óxidos fosfínicos não parece ser a solução mais 
adequada para compósitos, podendo, ainda, prejudicar a eficiência de cura em 
profundidade. Já a substituição parcial da CQ por óxidos fosfínicos, pode melhorar a 
estabilidade de cor sem prejudicar a polimerização em profundidade. 
 
Palavras-chave: resinas compostas, fotoiniciadores dentários, agentes redutores, 




The aim of this study was to evaluate the effect of photoinitiators and reducing 
agents on cure efficiency and color stability of resin-based composites using different 
LED wavelengths. Then, this study was performed in two parts. First, a total 
substitution of the conventional photoinitiator system based on camphorquinone was 
evaluated using alternative photoinitiators, phenil propanedione (PPD), 
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) and phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO). For the conventional system based on 
camphorquinone, different reducing agents were tested: 2-(dimethylamino) ethyl 
methacrylate (DMAEMA), ethyl 4-(dimethyamino)benzoate (EDAB) and/or 4-(N,N-
dimethylamino) phenethyl alcohol (DMPOH). In the second part of the study, partial 
substitutions were tested using 75/25, 50/50, 25/75 mol% combination of CQ and 
TPO. LEDs with blue wavelength (420-495 nm) and/or blue and violet wavelength 
(380-495 nm) were used for photo-activation. Cure efficiency was evaluated using 
Fourier transform infrared spectroscopy (FT-IR) and, color and color stability using 
spectrophotometry. Color stability was evaluated before and after photoactivation 
and after artificial accelerated aging. Additionally, light-transmittance was also 
evaluated in order to explain the cure efficiency results in depth. Data were analyzed 
using analysis of variance and Tukey’s test for multiple comparisons (α=0.05) and 
power analysis with 0.8. Regression tests were also performed. In the first part of the 
study, CQ-based composites showed higher color change after photoactivation. 
However, this color change occurred specially in the blue-yellow axis. Thus, after 
photoactivation, the degree of yellow was reduced. It was also observed that despite 
the lower light-transmittance through the composite containing CQ in comparison to 
the composites containing alternative photoinitiators, higher light-transmittance 
change occurred during photoactivation. Consequently, composites containing CQ 
showed the highest light-transmittance after photoactivation. High correlation was 
found between color change and light-transmittance change. Due unfavorable results 
using PPD, this alternative photoinitiator was excluded in the latter tests of the study. 
Composites containing phosphine oxides showed higher color change after aging in 
		
comparison to composites containing CQ. CQ/DMPOH was the formulation with less 
color change after aging. However, CQ-based composites became more yellow, 
while BAPO- and TPO-, whitener and less yellow after age. In the second part of the 
study, for composites containing CQ and TPO, higher TPO concentrations reduced 
the yellowing and color change of the composite. However, CQ substitution starting 
at 75 mol% reduced the degree of conversion of the resin-based composites in 
depth. Thus, it was possible to conclude that total substitution of CQ for phosphine 
oxides seems not be the more adequate solution to be used in composites, as it can 
affect degree of conversion in depth. The partial substitution of CQ using phosphine 
oxides, however, can improve color stability without affecting the depth of cure. 
 
Key-words: composite resins, dental photoinitiators, reducing agents, color, 
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Apesar dos avanços nas propriedades físico-mecânicas das resinas 
compostas (Furuse et al., 2011), a estabilidade da cor de materiais resinosos 
continua sendo um grande desafio e um dos principais motivos para a substituição 
de restaurações estéticas (Sadowsky, 2006). Vários fatores estão associados às 
alterações na cor de materiais resinosos, dentre eles, a composição da matriz 
resinosa (Oliveira et al., 2014).  
A canforquinona é o sistema fotoiniciador mais comumente utilizado na 
composição de materiais resinosos odontológicos. Entretanto, em virtude da 
presença do grupamento funcional do tipo carbonila em sua estrutura química, a 
canforquinona possui coloração amarelada que pode afetar diretamente na cor do 
material resinoso (Alvim et al., 2007). Adicionalmente, conforme ocorre o consumo 
da canforquinona durante a fotoativação, ocorre a redução no grau de amarelo na 
cor final do material resinoso polimerizado (Schneider et al., 2009). Essa alteração 
de cor após a polimerização do material dificulta a escolha da cor dos materiais 
fotoativáveis à base de canforquinona. 
Além das características químicas da canforquinona, que podem 
influenciar diretamente na estabilidade da cor inicial dos materiais resinosos 
fotoativáveis, estas podem influenciar também na estabilidade de cor desses 
materiais ao longo tempo. Isso se deve ao fato da canforquinona ser um sistema 
fotoiniciador Norrish do tipo II. Dessa forma, para que ocorra reação e geração de 
radicais livres, a canforquinona requer um agente redutor para iniciar a reação 
(Neumann et al., 2006). Aminas terciárias como o dimetil aminoetil metacrilato 
(DMAEMA) e o 4-dimetilamino benzoato (EDAB ou EDMAB) são usualmente 
utilizadas como agentes redutores para sistemas de fotoiniciação à base de 
canforquinona.  
As aminas são capazes de absorver luz UV, criando assim estados de 
energia mais elevados. Estas moléculas com alto grau de excitação podem reagir 
com o oxigênio, outros grupos aromáticos ou pequenas moléculas orgânicas, que 
podem ser incorporadas durante a manipulação do material (Stansbury et al., 2000). 
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A partir destas reações, se formam centros de cor também chamados de 
cromóforos, o que aumenta a absorção de luz visível, em particular na região azul do 
espectro eletromagnético, causando o amarelamento do material ao longo do tempo 
(Darvell, 2002). 
Por esses motivos, sistemas fotoiniciadores alternativos à CQ têm sido 
sugeridos. Em especial, a fenil 1,2 propanodiona (PPD), óxido mono-alquil fosfínico 
(TPO), óxido bis-alquil fosfínico (BAPO) e tioxantona (QTX) (Silami et al., 2012; 
Albuquerque et al., 2012; Ely et al., 2012), em virtude de suas colorações mais 
estéticas. E, ainda, como fotoiniciadores Norrish do tipo I, não requerem a utilização 
de um agente redutor para que haja a reação e geração de radicais livres (Neumann 
et al., 2006). Consequentemente, também possibilitando menor grau de 
amarelamento do material restaurador ao longo do tempo. 
Apesar da diversidade de estudos sobre as propriedades físico-
mecânicas de resinas compostas com sistemas fotoiniciadores alternativos, estudos 
sobre a cor e estabilidade de cor desses materiais têm sido foco apenas de estudos 
isolados (Brandt et al., 2011; Silami et al., 2012; Albuquerque et al., 2012). Por esse 
motivo o objetivo principal nesse estudo foi avaliar o efeito dos diferentes 
fotoiniciadores alternativos à canforquinona na eficiência de cura e estabilidade de 
cor de compósitos experimentais fotoativáveis.  
Por outro lado, a estabilidade da cor ao longo do tempo dos sistemas 
fotoiniciadores à base de canforquinona dependem das características químicas do 
agente redutor. Inicialmente, maior grau de amarelamento é esperado em razão de 
maior concentração de amina não reagida (Schneider et al., 2009). Apesar de não 
ser possível a quantificação da concentração de amina não reagida de um 
compósito, é previsível que o amarelamento ocorra em relação inversa ao grau de 
conversão do compósito resinoso. Entretanto, estudos relacionando a capacidade de 
conversão destas aminas e a estabilidade da cor nos compósitos resinosos ainda 
são necessários. Por esse motivo, o DMAEMA e EDAB, presentes na formulação de 
resinas compostas comerciais e, um agente redutor alternativo, o álcool 4-N, N 
dimetilamino feniletílico (DMPOH) (Schroeder & Valo, 2007) foram testados como 
co-iniciadores para os sistemas à base de canforquinona.  
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Desta forma, nesse estudo abrangeu-se a avalição da cor inicial e 
alteração de cor após a fotoativação de resinas compostas contendo diferentes 
sistemas fotoiniciadores, assim como a alteração de cor ao longo do tempo de 
resinas compostas contendo diferentes sistemas fotoiniciadores e agentes 
redutores.  
As resinas compostas são geralmente fotoativadas dentro da faixa azul do 
espectro, com comprimento de onda entre 400-500 nm. Quando fotoativada dentro 
deste comprimento de onda, a CQ atinge um estado de excitação e se combina com 
um agente redutor contido na matriz orgânica, para gerar os radicais livres 
responsáveis pelo início da reação de polimerização (Neumann et al., 2005). No 
entanto, diferentemente da CQ, fotoiniciadores alternativos são geralmente ativados 
por comprimentos de onda menores, na região do violeta, no qual os aparelhos 
LEDs de 2a geração não possuem irradiância espectral (Neumann et al., 2005). O 
espectro de emissão de uma fonte de luz possui grande influência no processo de 
fotoativação, especialmente quando diferentes sistemas de fotoativação são 
comparados, uma vez que algumas das propriedades do material são dependentes 
da correlação entre a distribuição do espectro emitido pela fonte de luz e a máxima 
absorção pelo fotoiniciador (Neumann et al., 2005; Neumann et al., 2006). Desta 
forma, neste estudo, diferentes fontes LEDs também foram avaliadas na 
determinação da conversão monomérica dos compósitos experimentais, garantindo 
melhor indicação de cada compósito experimental de acordo com o tipo de fonte de 





Artigo: Color, translucence and light-transmittance characteristics on resin-
based composites containing different photo-initiator systems 
Oliveira DCRS; Rocha MG; Correr AB, Ferracane JL, Sinhoreti MAC 




Objectives: To evaluate color, translucence and light-transmittance characteristics on 
resin-based composites (RBC) containing different photo-initiator systems. 
Methods: Experimental RBCs were associated with a type I photo-initiator (NTIP), 
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO), phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO) or 1-phenyl-1,2-propanedione (PPD) or a 
type II photo-initiator, camphorquinone (CQ). 1mm thick specimens of each RBC 
(n=3) were photo-activated with a narrow (420-495nm) and a broad spectrum (380-
420 and 420-495nm) LEDs with the same irradiance (1200mW/cm2) for 30 seconds. 
Color, translucence and degree of conversion (DC) were evaluated before and after 
curing. Light-transmittance was evaluate during curing. Data were analyzed using 
linear regression, two-way ANOVA and Tukey’s test (α=0.05; β=0.2). 
Results: Similar light-transmittance behavior was observed for the same photo-
initiators regardless the LED. Translucence explained 39% of the changes in light-
transmittance; but the changes in translucence were not sufficient to cause changes 
in light-transmittance after cure. Changes in color had the strongest influence on 
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light-transmittance change during curing. The b axis was the most important 
parameter that influenced on light-transmittance (R2ajusted=0.82). NTIP presented 
lower light-transmittance change compared to CQ. All photo-initiators presented a 
slight decrease in b; however CQ presented the highest changes in b and overall 
color. The highest changes in b were directly related to the highest overall color 
changes.  
Conclusion: CQ presented the higher color change after cure, as well as higher light-
transmittance change during curing and higher light-transmittance after cure 
compared to NTIP.  
Clinical Significance  
Light-transmittance through RBCs during curing is related to 80% of changes in color 
and 20% in translucence. However, these optical properties changes depend on the 
RBC photo-initiator type. Thus, clinicians should be aware that alternative 
photoinitiators have lower light-transmittance and it might affect depth of cure. 
Key-words: color change, curing lights, degree of conversion. 
 
1. Introduction 
The camphorquinone is the most widely used photo-initiator in restorative 
dentistry since UV light curing was replaced by visible light in the 70’s. However, 
concerns still include its esthetics and its difficulty in color matching due its 
discoloration effect after cure. The presence of two cromophore carbonyl functional 
groups in the chemical structure of camphorquinone leads to its yellow color that can 
affect the color of lightener materials.1 Also, as a Norrish type II photo-initiator, 
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camphorquinone needs a co-initiator to react with and initiate the polymerization;2 
however, this co-initiator, which is based on amine compounds, is also yellowed 
colored.3 The consumption of the camphorquinone and its co-initiator during curing 
reduces its overall yellowness;3-4 however, it increases its color change after cure 
and difficult color matching.  
Lightener colored Norrish type I photo-initiators, such as 1-phenyl-1,2-
propanodione (PPD), diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) and 
phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO), have been proposed to 
substitute camphorquinone. These lightener Norrish type I photo-initiators also do not 
require co-initiators to initiate the polymerization,2 thus potentially reducing even 
more the yellowness and color change caused by camphorquinone and amine-based 
co-initiators. Withal these alternative photo-initiators have maximum absorbance at 
the near UV region and extend slightly in the violet visible light spectrum (380-
420nm).5 Thus, their cure efficiency depends on broad-spectrum curing lights 
emitting the wavelengths inside their spectral absorbance and can be compromised 
when using narrow spectrum lights emitting blue light from 420 to 495nm.3  
Still, as light-transmittance into deeper portions is reduced at shorter visible 
wavelengths in comparison to longer visible wavelengths,6-7 there would be 
limitations for the depth of cure for resin-based composites cured with shorter 
wavelength ranges of the emission spectrum at 380-420nm in comparison to longer 
wavelengths at 420-495nm. However, excessive concentrations of the yellowed 
chromophore camphorquinone behave similar to a bandpass filter, absorbing blue 
light and preventing it from reaching deeper portions of the material. This 
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phenomenon called as the inner field effect can also affect the depth of cure of 
CQ-based composites.8 Although, when the optimum concentration is respected, it is 
expected that the camphorquinone will be gradually consumed, reducing it 
yellowness4 and permitting light-transmittance through the composite.8  
 As it is possible to notice, there are many uncertainties concerning the 
benefits of Norrish type I photo-initiators compared to the Norrish type II photo-
initiator, camphorquinone. Therefore, the aim of this study was to evaluate effect of 
different type I and II photo-initiators on optical properties of resin-based composites 
before and after cure and its influence on light-transmittance during curing. The 
research hypotheses tested were that: (1) Light-transmittance through the resin-
based composites depends on changes on color and translucence during curing; (2) 
Light-transmittance through resin-based composites is significantly different when 
different photo-initiators are used.  
 
2. Materials and Methods 
2.1. Experimental resin-based composites  
Table 1 lists the monomers and filler particles and each weight concentration 
used to blend the experimental resin-based composites. The monomers were 
blended using a centrifugal mixing device (SpeedMixer, DAC 150.1 FVZ- K, 
Hauschild Engineering, Hamm, North Rhine-Westphalia, Germany). To this resin 
blend, different photo-initiators were added in equimolar concentration, as shown in 
Table 2. As can be observed, for camphorquinone (CQ) and 1-phenyl-1,2-
propanodione (PPD), an amine, 2-(dimethylamino)ethyl methacrylate (DMAEMA) 
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was added as a co-initiator.2 The minimum 1:1 molar ratio photo-initiator and co-
initiator ratio was used.3-4 This ratio was calculated based on the minimum 
concentration of CQ at 0.2wt%.4 0.01wt% of 2,6-bis(1,1-dimethylethyl)-4-
methylphenol was also added as a inhibitor of polymerization. Subsequently, the 
fumed silica filler was pre-mixed with the organic matrix for 30 seconds at 3000 rpm 
followed by the BaBSiO2 filler for 1 minute at 3500 rpm. Then, each experimental 
resin-based composite was finally mixed for 1 minute at 3500 rpm under vacuum.  
 
Table 1 - Monomers and fillers used to formulate the experimental resin-based composites. 




Bis-GMA* 1.552 10.15 
Sigma Aldrich, St. 
Louis, MO, USA 
Bis-EMA* 1.535 11.375 
UDMA* 1.461 11.375 
TEGDMA* 1.483 2.1 
Fillers 
0.05 µm fumed silica 1.535 13 Nippon Aerosil Co. Ltd., Tokyo, Japan 
0.7 µm BaBSiO2* 1.541 52 
Esstech Inc., Essington, 
PA, USA 
* Bisphenol A diglycidylmethacrylate (Bis-GMA); Ethoxylated bisphenol A 
diglycidyldimethacrylate (Bis-EMA); Triethylene glycol dimethacrylate (TEGDMA); 
Urethane dimethacrylate (UDMA), Barium borosilicate glass (BaBSiO2). 	
Table 2 - Photo-initiator systems used in the experimental resin-based composites. 
Photo-initiators Chemicals* Molar ratio  
Concentration (wt%) 
Photo-initiator Co-initiator 
Norrish Type I 
TPO 1:0 0.419 0 
BAPO 1:0 0.503 0 
PPD 1:0 0.178 0 
PPD:DMAEMA** 1:1 0.178 0.189 
Norrish Type II CQ:DMAEMA 1:1 0.2 0.2 
* Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO); phenylbis(2,4,6-trimethylbenzoyl) 
phosphine oxide (BAPO); 1-phenyl-1,2-propanedione (PPD); 2-(dimethylamino)ethyl 





2.2. Photo-initiators and curing lights characterization 
Spectrophotometric analysis was performed in order to evaluate the 
absorption of the photo-initiators in the 360-540nm wavelength range using a UV–Vis 
spectrophotometer (U-2450, Hitachi High- Technologies, Chiyoda, Tokyo, Japan). 
Each photo-initiator was diluted in 1mL of >99.5% ethanol (Sigma-Aldrich, St. Louis, 
MO, USA) at the same concentration as presented in Table 2. The spectra were 
collected using a quartz cell with a path length of 1cm.  
The mean irradiance (mW/cm2) of a narrow (SmartLite, Dentsply, York, PA, 
USA) and a broad spectrum LED (Bluephase G2, Ivoclar Vivadent, Schaan, 
Liechtenstein) was measured using a portable spectrometer-based instrument 
(CheckMARC, BlueLight Analytics, Nova Scotia, Canada). The irradiance at 380-
420nm and 420-495nm wavelength spectrum was calculated by integrating the 
irradiance versus wavelength curves obtained from a spectrometer (MARC Resin 
Calibrator, BlueLight Analytics, Nova Scotia, Canada). 
 
2.3. Light-transmittance analysis  
Each experimental resin-based composite was light-cured in a 2mm thick 
Delrin disk (Ø=6mm; n=3) with the bottom surface placed over the sensor (Ø=4mm) 
of a spectrophotometer (MARC Resin Calibrator, BlueLight Analytics, Nova Scotia, 
Canada). The irradiance at the bottom of the specimen (mW/cm2) was recorded 
(n=3) using a narrow (420-495nm) and a broad spectrum (380-420 and 420-495nm) 
LED with the same irradiance (1200mW/cm2) for 30 seconds. The mean light-
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transmittance was obtained from the integration of the overall irradiance at the 
bottom of the specimen versus time.  
 
2.4. Color and translucence analyses  
Each sample performed for the light-transmittance analysis was previously 
submitted to an initial color measurement and a FT-NIR scan before light cured. The 
color parameters of each specimen were obtained with a D65 illuminant over white 
(CIE L* = 91.1, a* = 1.2 and b* = -3.4, Y = 78.8) and black (CIE L* = 26.3, a* = 0.1 
and b* = -0.8, Y = 4.8) backgrounds using a calibrated chromameter (CR-221, 
Konica Minolta, Tokyo, Japan) with a sensor-opening diameter of 4mm. A final 
measurement of each sample was also taken after light curing. The CIELab 
coordinates (L*, a*, b*) from the pre- and immediately post-cured specimens were 
used to evaluate color change (ΔE00) according to the CIEDE2000 formula (CIE, 
2004)9, where:   
 ∆E00 = [(∆L/KL.SL)2 + (∆C/KC.SC)2 + (∆H/KH.SH)2 + RT.( ∆C/KC.SC).( 
∆H/KH.SH)]0.5,  and ∆L, ∆C and ∆H are the differences in lightness, chroma and hue, 
and Rt is a function (the so-called rotation function) that accounts for the interaction 
between chroma and hue differences in the blue region. Weighting functions, SL, SC, 
and SH adjust the total color difference for variation in the location of the color 
difference pair in L, a, and b coordinates, and the parametric factors KL, KC, and KH 
are correction terms for the experimental conditions, which were set to 1.10 
 Differences in each inherent color parameter were also determined as ΔL, Δa, 
and Δb by subtracting each pre- and immediately post-cured co-ordinate parameter 
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value (+a* = red, −a* = green; +b* = yellow, −b* = blue; +L* = white, -L* = black. 
Translucence was assessed by obtaining the contrast ratio (CR) of the lightness 
value (Y) of the specimens against black (Yb) and white (Yw) backgrounds before 
and after cure, with: CR = Yb/Yw. Differences in translucence were also determined 
as ΔTranslucence by the subtracting pre- and post-cured CR values. 
 
2.5. Degree of conversion analysis  
The cure efficiency for each resin was measured using Fourier transform near 
infrared spectroscopy (FT-NIR). Each sample performed for the light-transmittance 
analysis was clamped in a holder inside a NIR chamber (Nicolet Nexus 6700, 
Thermo Scientific, Waltham, MA, USA). Unconverted carbon double bonds were 
quantified by calculating the ratio derived from the aliphatic C=C (vinyl) absorption 
(6165cm-1) to the aromatic C=C absorption (4623cm-1) signals for both polymerized 
and non-polymerized samples. Absorbance spectra included 16 scans at a resolution 
of 1 cm-1. The degree of conversion (DC, in %) was calculated as follows: 𝐷𝐶  %= 1− 𝑅 𝑛𝑜𝑛 𝑝𝑜𝑙 𝑥 100, where R is the ratio of peak areas at 6165cm-1 and 4623cm-1 in 
polymerized (pol) and non-polymerized (non pol) specimens.  
 
2.6. Statistical analyses 
Data were entered into statistical analysis software (Stata/MP 13, StataCorp, 
College Station, TX, USA) and were checked for normality using a Shapiro–Wilk’s 
test. Linear regression was carried out to explore the relationship between light-
transmittance and each optical proprieties: translucence and L, a and b color 
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parameters, and also the relationship between light-transmittance change and DC, 
,ΔTranslucence, ΔE00, ΔL, Δa or Δb. A two-way analysis of variance (ANOVA) was 
used compare the dependent variables light-transmittance change, DC, 
ΔTranslucence, ΔE00, ΔL, Δa and Δb between independent variables curing light 
and photo-initiator. A repeated measurements (ANOVA) was used compare the 
dependent variables light-transmittance, translucence and L, a and b color 
parameters between independent variables curing light and photo-initiator nested in 
time (before and after cure). The Tukey’s test was applied for multiple comparisons 
(p=0.05) among the different photo-initiators and LEDs tested. Power analysis was 
conducted to determine sample size for each experiment, and it was determined that 
n=3 provided a power of at least 0.8 at a significance level of 0.05. 
 
3. Results 
Table 3 shows the mean irradiance (mW/cm2) and radiant exposure (J/cm2) 
according to the different wavelength ranges (nm) of each curing light. Despite 
similar total radiant exposure of 38.4J/cm2 for both curing lights, for the narrow 
spectrum LED, all of the radiant exposure was emitted over the range of 420-495nm. 
While, the broad spectrum LED showed 31.8J/cm2 radiant exposure in the 420-
495nm wavelength range with the remaining 6.6J/cm2 radiant exposure being 






Table 3 - Curing lights: mean irradiance (mW/cm2) and radiant exposure  (J/cm2) 

















1256 420-495 38.4 









Figure 1 illustrates the spectral irradiance (mW/cm2) for the narrow and the 
broad spectrum LEDs compared to the absorbance of each photo-initiator plotted 
against the wavelength (nm). As can be observed, the absorption peak of the Norrish 
type II photo-initiator, CQ, is at 470nm and it light absorption overlaps the spectral 
emission of both narrow and broad spectrum LEDs; but the absorption peaks of the 
type II photo-initiators, TPO, BAPO and PPD, are mainly in the near UV-A region and 
extend to the violet spectrum range; thus only the broad spectrum LED overlaps their 












Figure 1. Spectral radiant power of narrow and broad spectrum LEDs (mW/cm2/nm) 
and absorbance of photoinitiators evaluated in this study. 
 
Figure 2 illustrates the light-transmittance through each resin-based composite 
containing the different photo-initiators cured with the different curing lights. Despite 
minor differences in the light-transmittance through the resin-based composites 
irradiated with either curing units, similar light-transmittance change (%) was found 
for the same resin-based composite regardless the curing light used for photo-
activation. Norrish type I photo-initiators presented quite lower light-transmittance 
change (8-26%) in comparison to the Norrish type II photo-initiator, camphorquinone 
(84%). Despite the initial lower light-transmittance of camphorquinone (308mW/cm2), 
it presented the highest light-transmittance after cure (584mW/cm2). While, the 
Norrish type I photo-initiators had a small increase in light-transmittance from 418-







Figure 2. Light transmittance (mW/cm2) during curing for each resin-based 




Figure 3 illustrates the overall color change (ΔE00) and the change in each 
color coordinate: Δa (+a = red, −a = green), Δb (+b = yellow, −b = blue), ΔL (+L = 
white, -L = black) for each resin-based composite containing the different photo-
initiators cured with each curing light, the narrow or the broad spectrum LED. All 
photo-initiator systems presented significantly color change after cure, regardless the 
curing light used for photo-activation. The Norrish type II photo-initiator, CQ, 
presented the highest overall color change. The Norrish type I photo-initiators, BAPO 
and PPD associated with a co-initiator presented higher color change in comparison 
to TPO and PPD when not associated with a co-initiator. All photo-initiator systems 
presented a slight decrease in the b axis coordinate; however it is possible to notice 






Figure 3. For each of the resin-based composite, the mean ΔE00, Δa, Δb, and ΔL 
values are provided with standard error values.  
 
Table 4 illustrates the translucence based on spectral CR of each resin-based 
composite containing the different photo-initiator systems before and after cure with 
each curing light. All photo-initiator systems presented a decreased CR after cure, 
with exception of PPD systems. CQ-based composites presented the lowest spectral 
CR after cure. No differences were found between the CR of the resin-based 
composites cured with the different curing lights.  
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Table 4. Mean (±SD) contrast ratio before and after cure of each resin-based 





before cure after cure 
mean sd Tukey mean sd Tukey 
Narrow 
CQ+DMAEMA 0.78 0.02 Aa 0.6 0.03 Bb 
PPD 0.71 0.02 Ba 0.67 0.06 Aa 
PPD+DMAEMA 0.72 0.02 ABa 0.68 0.02 Aa 
TPO 0.77 0.02 ABa 0.67 0.02 Ab 
BAPO 0.75 0.3 ABa 0.63 0.01 ABb 
Broad 
CQ+DMAEMA 0.76 0.02 Aa 0.6 0.02 Bb 
PPD 0.7 0.01 Ba 0.71 0.02 Aa 
PPD+DMAEMA 0.74 0.2 ABa 0.69 0.02 Aa 
TPO 0.79 0.1 Aa 0.68 0.3 Ab 
BAPO 0.77 0.01 Aa 0.68 0.05 Ab 
Capital Letters compare means in each column; Small Letter compare means in each 
row. There was no statistical difference between LEDs. 
 
 
Table 5 shows the mean degree of conversion (%) of each resin-based 
composite containing the different photo-initiators according to the curing light used 
for photo-activation. The Norrish type I photo-initiators, TPO and BAPO presented 
higher degree of conversion when light-cured with the broad spectrum LED; while the 
Norrish type II photo-initiator, CQ, when light-cured with the narrow spectrum LED. 
But CQ and BAPO presented adequately monomer conversion regardless the LED 
spectrum used, while TPO had no cure efficiency when light-cured with a narrow 
spectrum LED.  PPD systems presented similar degree of conversion regardless the 
spectrum LED used; but higher degree of conversion was found when it was 






Table 5 - Mean (±SD) degree of conversion (%) of each resin-based composite 
containing different photo-initiators according to LED spectrum used for photo-
activation. 
Photo-initiators LED spectrum Narrow Broad 
CQ+DMAEMA 61.5 (1.4) Aa 57.7 (0.2) Bb 
PPD 12.6 (1.8) Ca 12.7 (0.7) Da 
PPD+DMAEMA 50.9 (0.3) Ba 53.3 (0.5) Ca 
TPO 3.1 (0.3) Db 67.9 (0.5) Aa 
BAPO 49.6 (0.5) Bb 68.6 (0.8) Aa 
Capital Letters compare means in each column; Small Letter compare means in each row. 
 
Figure 4 shows the linear regression of light-transmittance versus 
translucence and L, a and b parameters. The R2ajusted showed that the b axis had a 
strong influence on light-transmittance through the composite (R2ajusted=0.82). 
Translucence also had influence on light-transmittance through the composite, but 
lower in comparison to the b color parameter (R2ajusted=0.39). L and a color 







Figure 4. Linear regression of light-transmittance versus translucence and L, a and b 
parameters. 
 
Figure 5 shows the linear regression of light-transmittance change versus DC, 
ΔTranslucence, ΔE00, ΔL, Δa, Δb. The R2ajusted showed that ΔE00, Δa and Δb had a 
strong influence on light-transmittance change during curing. However DC, 






Figura 5. Linear regression of light-transmittance change versus DC, ΔTranslucence, 
ΔE00, ΔL, Δa, Δb. 
 
4. Discussion 
The first research hypothesis tested that light-transmittance through the resin-
based composites depends on changes on color and translucence during curing 
could not be rejected. All photo-initiator systems presented a decrease in CR after 
cure, with exception of PPD systems. The CR is defined as the ratio of the luminous 
reflectance of a translucent material on a black backing to the luminous reflectance of 
the same material on a white backing.11 Thus, when the two luminous reflectance 
values are similar and CR is 1, the material is totally opaque and masks the backing; 
while, when the material is totally transparent, the luminous reflectance values are 
similar to the backings.12 Then, it is possible to notice that the decrease in CR 
indicates an increase in translucence of the resin-based composites after cure. 
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However, despite the fact that the differences in translucence explained 39% of 
the changes in light-transmittance through the composite (R2ajusted=0.39), changes in 
translucence were not sufficient to cause changes in light-transmittance before and 
after cure (R2ajusted=0.2). 
Differences in the refractive index between the resin matrix and filler particles 
directly affect translucence and light transmission through resin-based composites. 
The initial refractive index difference between the inorganic fillers and the monomers 
of a resin-based composite leads to a greater light scattering, due to multiple 
reflections and refractions at these interfaces.13 As monomer conversion increases 
during curing, the refractive index difference between the inorganic fillers and the 
resin matrix reduces due to the increase on refractive index of the polymers formed.7 
Thus, it is expected that resin-based materials become more translucent and it 
increases light transmission during curing, but the DC had no influence on light-
transmittance through the composite and changes in color parameters and 
translucence were more related to the photoinitiator system than to refractive index 
changes of the polymer during curing. 
As observed, CQ-based composites presented the lowest CR and the highest 
light-transmittance after cure. However, it is noteworthy that when the CR of the 
Norrish type I photo-initiators-based composites were significantly different before 
and after cure, it slightly varied from 0.03 (0.02) to 0.1 (0.03) of difference, while CQ 
varied 0.17 (0.01) of difference. It explains the small differences in light-transmittance 
among Norrish type I photo-initiators and the higher light-transmittance after cure for 
the Norrish type II photo-initiator, CQ. 
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Also, as different colored photo-initiators were used in each resin-based 
composite, overall color change during curing also influenced on light-transmittance 
change and the linear regression analyses showed that ΔE00, Δa and Δb had strong 
influence on light-transmittance change during curing. As observed in Figure 3, all 
photo-initiator systems presented significantly color change after cure; the Norrish 
type II photo-initiator, CQ, presented the highest overall color change. As previously 
described, CQ is a yellow colored molecule.1 The carbonyl functional groups of CQ 
are responsible for this coloration due its electronic transition that absorbs the 
electromagnetic spectrum into 420-495nm, blue, and reflects the complementary 
region of the electromagnetic spectrum, yellow. However, the electronic transition of 
the electrons from the ground state energetic level to an excited state after photo-
activation leads to its discoloration under optical pumping after molecular 
rearrangement. This occurs when CQ is promoted to an excited triplet state and 
interacts with an electron- or proton-donor tertiary amine generating the free radicals 
that initiates the polymerization. Thus, it yellowness is reduced during curing, as 
represented by the decrease in the b axis coordinate (Figure 3) and it increases the 
transmission of the complementary region of the electromagnetic spectrum, blue light 
emitted from the curing light. 
As camphorquinone, the other photo-initiator systems also presented a slight 
decrease in the b axis coordinate; however it is possible to notice that the highest 
values are directly correlated to the highest overall color change values, respectively. 
The Norrish type I photo-initiators, BAPO and PPD associated with a co-initiator 
presented higher color change in comparison to TPO and PPD when not associated 
		
40	
with a co-initiator. PPD showed higher degree of conversion when associated with 
a co-initiator due its low quantum yield.5 The cleavage of the C-C bond between the 
carbonyls functional groups of PPD leads to the formation of radicals by photolysis.2 
However, the lower mobility of the radicals formed into the filled resin matrix difficult 
the interaction with a monomer to start the polymerization. Then, differently from 
when unfilled resin matrixes are used, PPD tends to return to its ground state by 
chain termination itself. However, there is a possibility that PPD could also react via a 
co-initiator as it bears the same diketone group as camphorquinone.2 Then, radicals 
derived from the amine-based co-initiator H-transfer are responsible for starting the 
polymerization. This explains the higher degree of conversion for PPD when a co-
initiator is added.  
Moreover, differences in the degree of conversion among different photo-
initiator-based composites are explained due to differences in the extinction 
coefficients of each photo-initiator.5 A higher extinction coefficient leads to higher 
cure efficiency when the photo-initiator is photo-activated with its wavelength 
absorption spectra. Then, Norrish type I photo-initiators presented higher degree of 
conversion when photo-activated with broad spectrum (380-420 and 420-495nm) 
LED, while the Norrish type II photo-initiator, CQ, with the narrow spectrum (420-
495nm) LED. This occurred because the narrow and broad spectrum LEDs emit the 
blue spectrum into 420-495nm; but the narrow spectrum LED emit higher radiant 
exposure into 420-495nm, 38.4J/cm2, in comparison to the broad spectrum LED, 
31.8J/cm2, as observed in Table 3. Similar to camphorquinone, the yellowness of 
these photo-initiators reduced during curing as represented by the decrease in the b 
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axis coordinate due to the discoloration under optical pumping of the chromophore 
carbonyl functional groups of each photo-initiator after molecular rearrangement.  
Then, the second research hypothesis tested that light-transmittance through 
resin-based composites is significantly different when different photo-initiators and 
curing lights are used could neither be rejected. As observed in Figure 2, light-
transmittance through the resin-based composites containing different photo-initiators 
were significantly different.  Norrish type I photo-initiators presented quite lower light-
transmittance change (8-26%) in comparison to the Norrish type II photo-initiator, 
camphorquinone (84%). Also, despite the initial lower light-transmittance of 
camphorquinone (308mW/cm2), it presented the highest light-transmittance after cure 
(584mW/cm2). While, the Norrish type I photo-initiators had a small increase in light-
transmittance from 418-461mW/cm2 to 498-569mW/cm2. These results explain the 
lower degree of conversion in depth that has been demonstrated to resin-based 
materials containing Norrish type I photo-initiators in comparison to camphorquinone 




Light-transmittance through resin-based composites depends on changes on 
color and translucence during curing; color change had stronger influence on light-
transmittance than translucence. CQ presented the lowest light-transmittance before 
cure; but the highest light-transmittance change during curing and the highest light-
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Artigo: Effect of photoinitiators and reducing agents on cure efficiency and 
color stability of resin-based composites using different LED wavelengths 
Oliveira DCRS, Rocha MG, Gatti A, Correr AB, Ferracane JL, Sinhoreti MAC 




Objectives: To evaluate the effect of photoinitiators and reducing agents on cure 
efficiency and color stability of resin-based composites using different LED 
wavelengths.  
Methods: Model resin-based composites were associated with diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO), phenylbis(2,4,6-trimethylbenzoyl)phosphine 
oxide (BAPO) or camphorquinone (CQ) associated with 2-(dimethylamino)ethyl 
methacrylate (DMAEMA), ethyl 4-(dimethyamino)benzoate (EDMAB) or 4-(N,N-
dimethylamino)phenethyl alcohol (DMPOH). A narrow (Smartlite, Dentisply) and a 
broad spectrum (Bluephase G2, Ivoclar Vivadent) LEDs were used for photo-
activation (20J/cm2). Fourier transform infrared spectroscopy (FT-IR) was used to 
evaluate the cure efficiency for each composite, and CIELab parameters to evaluated 
color stability (ΔE00) after aging. The UV-vis absorption spectrophotometric analysis 
of each photoinitiator and reducing agent was determined. Data were analyzed using 
two-way ANOVA and Tukey’s test for multiple comparisons (α=0.05).  
Results: Higher cure efficiency was found for type-I photoinitiators photo-activated 
with a broad spectrum light, and for CQ-systems with a narrow band spectrum light, 
except when combined with an aliphatic amine (DMAEMA). Also, when combined 
with aromatic amines (EDMAB and DMPOH), similar cure efficiency with both 
wavelength LEDs was found. TPO had no cure efficiency when light-cured 
exclusively with a blue narrowband spectrum. CQ-systems presented higher color 
stability than type-I photoinitiators, especially when combined with DMPOH.  
Conclusions: After aging, CQ-based composites became more yellow and BAPO and 
TPO lighter and less yellow. However, CQ-systems presented higher color stability 
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than type-I photoinitiators, as BAPO- and TPO-, despite their higher cure efficiency 
when photo-activated with corresponding wavelength range.  
Clinical Significance: Color matching is initially important, but color change over time 
will be one of the major reasons for replacing esthetic restorations; despite the less 
yellowing of these alternative photoinitiators, camphorquinone presented higher color 
stability. 




The improvements in physical and mechanical properties of resin composites 
have enabled their expanded use in both direct and indirect restorations.1 
Nevertheless, although a yellowing remains in dental resin composites after cure, a 
further color change over time will be one of the major reasons for replacing esthetic 
restorations.2   
The camphorquinone (CQ) is the most widely used photoinitiator in 
commercial dental resin composite. CQ is a solid yellow diketone compound with an 
unbleachable chromophore group, which leads to an undesirable yellowing effect on 
the final aesthetic appearance of a cured restoration.3 Compounds derived from 
acylphosphine oxides, such as diphenyl(2,4,6-trimethylbenzoyl)phosphin oxide (TPO) 
and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO), have been suggested 
as substitutes for the CQ in dental resin composites to reduce the yellowing effect, 
especially for bleach shades.4 
As a Norrish type-II photoinitiator, CQ needs a reducing agent to react 
effectively to generate free radicals to initiate the polymerization of photo-activated 
resin materials.5 Despite the initial high clinical acceptance of these resin-based 
composites, the tertiary amines used as the reducing agent causes a long-term 
yellowing effect on the color of these materials.6  
The color change in CQ-based resin materials occurs because amines have 
double bonds, which are capable of absorbing UV-light and creating molecules with 
elevated energy states.7 These molecules can react with oxygen, non-reacted 
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monomers or other aromatic groups and form conjugated systems, also called 
color centers or chromophores, increasing the absorption of visible light, especially in 
the blue region of the electromagnetic spectrum (420-490nm), and ultimately causing 
the yellowing in the material.6 On the other hand, the alternative photoinitiator 
systems derived from acylphosphine oxides do not require a co-initiator to initiate the 
polymerization, thus potentially reducing the long-term yellowing effect caused by the 
oxidation of the tertiary amines.5;8  
Previous studies evaluated the physical-mechanical properties and color 
change immediately after curing of resin composites associated with alternative 
photoinitiators, revealing similar or superior performance compared to the 
camphorquinone and tertiary amine systems.4;9-10 Despite the reduced initial 
yellowing effect, the long-term color stability of composites containing these 
molecules is not well established.9;11-12  
Moreover, although these type-I photoinitiators have higher molar extinction 
coefficient and require lower radiant exposure than CQ systems, the absorption peak 
of these compounds is mainly in the near UV-A region and extends slightly into the 
violet visible light spectrum (380-420nm). Thus, the cure efficiency is compromised 
when using narrowband light-emitting diodes, which do not have light emission in this 
violet wavelength range.5;13-14 
Alternative co-initiators were also suggested to substitute the tertiary amines 
used in association with the camphorquinone in commercial dental resin composites 
in order to impart the same curing efficiency, but to reduce the long-term yellowing 
effect.8 As type-I photoinitiators as well as alternative co-initiators combined with 
camphorquinone have been shown to be efficient photoinitiators systems, this study 
aims to further evaluate and compare the effect of the different photoinitiators and 
reducing agents on color stability and cure efficiency of resin-based composites 
using different light-emitting diodes wavelengths for photo-activation. The research 
hypotheses tested were that: (1) Cure efficiency and color stability are significantly 
different among different types of photoinitiator systems; (2) Cure efficiency and color 




2. Materials and Methods 
2.1. Experimental dental resin-based composites  
Table 1 lists the monomers and filler particles and each weight concentration 
used to blend the experimental dental resin-based composite. The monomers were 
blended using a centrifugal mixing device (SpeedMixer, DAC 150.1 FVZ- K, 
Hauschild Engineering, Hamm, North Rhine-Westphalia, Germany). To this resin 
blend, different photoinitiators and reducing agents were added in equimolar 
concentration as shown in Table 2. 0.01wt% of 2,6-bis(1,1-dimethylethyl)-4-
methylphenol was added as a inhibitor. Figure 1 shows the chemical structures of the 
photoinitiators and the tertiary aliphatic and aromatic amines used as reducing 
agents for the CQ-systems. Then, the fumed silica filler was pre-mixed with the 
organic matrix for 30 seconds at 3000 rpm followed by the BaBSiO2 filler for 1 minute 
at 3500 rpm. Then, the resin composite was finally mixed for 1 minute at 3500 rpm 
under vacuum. 
 
Table 1 - Chemical products used in resin composites composition. 





Bis-GMA** 1.552 10.15 Sigma Aldrich, St. Louis, MO, USA.  
Bis-EMA** 1.535 11.375 Sigma Aldrich, St. Louis, MO, USA.  
UDMA** 1.461 11.375 Sigma Aldrich, St. Louis, MO, USA.  
TEGDMA** 1.483 2.1 Sigma Aldrich, St. Louis, MO, USA.  
Filler Particle 
 
0.05 µm fumed silica  1.535 13 Nippon Aerosil Co. Ltd., Yokkaichi, Tokyo, Japan. 
0.7 µm BaBSiO2 1.541 52 
Esstech Inc., Essington, 
PA, USA. 
* According to the manufacturer. 
** Bisphenol A diglycidilmethacrylate (Bis-GMA); Ethoxylated bisphenol A diglycidildimethacrylate (Bis-EMA); 








Figure 1. Chemical structure of the reducing agents evaluated in this study. (A) 
camphorquinone (CQ); (B) phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (TPO); 
(C) diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO); (D) 2-
(dimethylamino)ethyl methacrylate (DMAEMA); (E) 4-(N,N-dimethylamino)phenethyl 
alcohol (DMPOH); (F) ethyl 4-(dimethyamino)benzoate (EDMAB). 
 
2.2. Absorption spectrophotometric analysis 
Spectrophotometric analysis was performed in order to evaluate the 
absorption of the photoinitiators and reducing agents in the 200–600 nm wavelength 
range. Each photoinitiator and each reducing agent combined with CQ was diluted in 
1mL of >99.5 % ethanol (Sigma-Aldrich, St. Louis, MO, USA) at the same 
concentration as presented in Table 2.  The solution absorption spectrophotometric 
analysis was determined in the 200–600 nm range using a UV–Vis 
spectrophotometer (U-2450, Hitachi High- Technologies, Chiyoda, Tokyo, Japan). 
The spectra were collected using a quartz cell with a path length of 1.0 cm.  
 
2.3. Light-curing units characterization 
The mean radiant emittance (mW/cm2) according to the different wavelength 
ranges for each light-curing unit (SmartLite, Dentsply, York, PA, USA and Bluephase 
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G2, Ivoclar Vivadent, Schaan, Liechtenstein) were measured using a portable 
spectrometer-based instrument (CheckMARC, BlueLight Analytics, Nova Scotia, 
Canada) in order to calculate the time of photoactivation needed to produce a radiant 
exposure of 20 J/cm2. 
The radiant exposure in the violet range (380-420nm), blue range (420-
490nm) and over the total range (380-490nm) for each light-curing unit was obtained 
by integrating the irradiance over the range from graph of radiant emittance versus 
wavelength obtained with the Resin Calibrator (MARC Resin Calibrator, BlueLight 
Analytics, Nova Scotia, Canada). The Resin Calibrator has a cosine corrected input 
sensor with a 4 mm diameter that receives light from 180o. 
 
2.4. Cure efficiency 
The cure efficiency for each resin was measured using Fourier transform 
infrared spectroscopy (FT-IR). Each experimental dental resin-based composite was 
placed in a silicon rubber mold (Ø=6mm, 2mm thick) sandwiched between two glass 
slides and then clamped in a holder inside the IR chamber (Nicolet Nexus 6700, 
Thermo Scientific, Waltham, MA, USA). Unpolymerized blends were scanned and 
then photo-activated with 20 J/cm2 using two light-emitting diode curing units with 
different spectra: 420-490 nm (SmartLite, Dentsply, York, PA, USA) or 380-420 + 
420-490 nm (Bluephase G2, Ivoclar Vivadent, Schaan, Liechtenstein). The 
polymerized samples were scanned after 48 hours dark and dry storage (37oC). 
Unconverted carbon double bonds were quantified by calculating the ratio derived 
from the aliphatic C=C (vinyl) absorption (1638cm-1) to the aromatic C=C absorption 
(1608cm-1) signals for both polymerized and unpolymerized samples (n=10). 
Absorbance spectra included 16 scans at a resolution of 1 cm-1. The cure efficiency 
for each resin was calculated as the degree of conversion (DC), according to the 
follow equation: 
DC (%) = {1-(Xa/Ya)/(Xb/Yb)}×100, where, Xa (polymerized) and Xb 
(unpolymerized) represent the bands of the polymerizable aliphatic double bonds, 
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and Ya (polymerized) and Yb (unpolymerized) represent the bands of the aromatic 
double bond. 
2.5. Color Stability 
The disc-shaped specimens from the DC (%) analysis were also used to 
evaluate color stability. CIELab co-ordinates (L, a, b)16 were recorded for each 
experimental resin composite pre- and immediately post-aging by means of a 
spectrophotometer (CM700d, Konica Minolta Inc., Tokyo, Japan) with a D65 
illuminant. A white (L=92.38, a=0.48, b=2.89) ceramic tile was used as background 
for the color analysis. To evaluate color change, ΔE00 of each specimen was 
calculated using the following CIEDE2000 formula15:   
∆E00 = [(∆L/kL.SL)2 + (∆C/kC.SC)2 + (∆H/kH.SH)2 + RT.(∆C/kC.SC)⋅( 
∆H/kH.SH)]0.5 where ∆L, ∆C and ∆H are the differences in lightness, chroma and hue, 
and RT is a function (the so-called rotation function) that accounts for the interaction 
between chroma and hue differences in the blue region. The weighting functions, SL, 
SC, and SH are used to adjust the total color difference for variation in the location of 
the color difference pair in the L, a and b coordinates.  The parametric factors KL, KC, 
and KH, are correction terms for the experimental conditions, which were set to 1. 
To calculate using the CIEDE2000 color difference formula, 
discontinuities due to mean hue computation and hue-difference computation were 
taken into account, as pointed out and characterized by Sharma (2005).16 
Differences in each inherent color parameter were determined as ΔL, 
Δa, and Δb by subtracting each pre- and immediately post-aged co-ordinate 
parameter value (+a = red, −a = green; +b = yellow, −b = blue; +L = white, -L = black.  
 
2.6. Aging Process 
All specimens were aged using an artificial aging machine (EQ-UV, Equilam, 
Diadema, Sao Paulo, SP, Brazil) with alternated 4 hours cycles of exposure to UV-
light (λ=250-380nm, peak at 320nm) and moisture condensation, both at 50oC, 
similar to that described in ISO 7491 (2000). A total of 300 hours was used to induce 




2.7. Statistical analysis 
A two-way analysis of variance was used for statistical analysis of the DC, 
ΔE00, ΔL, Δb and Δa values. The Tukey’s test was applied for multiple comparisons 
(p=0.05) among the different in vitro aging methods tested. Power analysis was 
conducted to determine sample size for each experiment, and it was determined that 
n = 10 provided a power of at least 0.8 at a significance level of 0.05. 
 
3. Results 
Table 3 shows the mean radiant emittance (mW/cm2) and radiant exposure 
(J/cm2) according to the different wavelength ranges of each light-curing unit. Despite 
similar total radiant exposure of 20 J/cm2 for both light-curing units, Bluephase G2 
showed 16.6 J/cm2 radiant exposure in the 420-490 nm wavelength range with the 
remaining 3.4 J/cm2 radiant exposure being emitted over the wavelength range of 
380-420 nm. For Smartlite, all of the radiant exposure, 20 J/cm2, was emitted over 
the range of 420-490 nm.  
 
Table 3 - Light-curing units: mean radiant emittance (mW/cm2) and radiant exposure  (J/cm2) according to the 
different wavelength ranges. 





SmartLite Dentsply 1000 420-490 20 




Figure 2 shows the spectral irradiance (radiant emittance (mW/cm2) x 
wavelength (nm)) for both light-curing units compared to the absorbance of each 
photoinitiator plotted against the wavelength (nm). As can be observed, the 
absorption peak of CQ is at 470nm and the light absorption extends to the violet and 
blue wavelength ranges, overlapping the spectral emission of both light-curing units; 
but the absorption peak of BAPO and TPO is mainly in the near UV-A region and 
extends to the violet spectrum range; thus only the broad spectrum LED (Bluephase 
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G2) overlaps the BAPO and TPO light absorption. Figure 3 shows the absorbance 
of each reducing agent tested and the emission range (250-380nm) of the UV-light 
used to produce the aging.  
Figure 2. Spectral radiant power of the light-curing units (mW/cm2/nm) and 






Figure 3. Absorbance of each reducing agent evaluated plotted against wavelength. 
 
Figure 4 shows the degree of conversion (%) mean values and standard 
deviation for the five composites cured with the two different lights.  Table 4 show the 
color parameters before and after aging for each photoinitiator and Figure 5 shows 
the overall color change (ΔE) and the change in each color coordinate: Δa (+a = red, 
−a = green), Δb (+b = yellow, −b = blue), ΔL (+L = white, -L = black) for the five 
composites with the different photoinitiator systems cured with the two different light-










Figure 4. For each of the experimental dental composite resins, the mean DC value 
(%) ± standard error is provided. 
 
Table 4 - Color parameters before and after aging for each photoinitiator system. 
Photoinitiator 
Before aging After aging 
L a b L a b 
CQ+DMAEMA 84.73 (0.6) -0.75 (0.1) 1.23 (0.2) 84.30 (0.5) -1.75 (0.2) 5.59 (0.4) 
CQ+EDMAB 84.83 (0.3) -1.90 (0.1) 3.62 (0.3) 84.37 (0.3) -2.53 (0.1) 8.35 (0.4) 
CQ+DMPOH 84.15 (0.4) -1.54 (0.1) 4.49 (0.3) 83.82 (0.4) -2.01 (0.3) 7.68 (0.5) 
TPO 84.30 (1.0) -2.20 (0.4) 8.76 (0.6) 85.11 (0.5) -1.08 (0.0) 1.50 (0.4) 







Figure 5. For each of the experimental dental composite resins, the mean ΔE00, Δa, 
Δb, and ΔL values are provided, with standard error values is provided for each.  
 
The two-way ANOVA determined that the DC was statistically different among 
the photinitiator systems for both LCUs (F(4,19) =  2214.25, p-value < 0.001) and 
there were differences in Δ00 of the photoinitiator systems for both LCUs (F(4, 90) = 
83.74, p-value < 0.001).  
Post hoc tests using the Tukey’s test revealed higher DC for the type-I 
photoinitiators when wavelength exposure was extended to the violet range 
(p<0.001); but these composites had the lowest monomer conversion when 
exclusively light-cured by the narrowband blue emission LED (p<0.001). For the CQ-
systems, EDMAB and DMPOH had higher DC than DMAEMA (p<0.001), regardless 
of the LCU used (EDMAB p=0.534 and DMPOH p=0.063). CQ-DMAEMA had lower 
cure efficiency when cured with a broad spectrum LED with violet and blue 
wavelength emissions (p<0.001).  
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The CQ-systems presented generally higher color stability than the type-I 
photoinitiators (p<0.001) when cured with either light-curing unit, though the color 
change for the TPO composite cured with the blue-emission only LED was not 
significantly different. The highest color stability was found with CQ when combined 
with DMPOH and light cured by the narrowband blue emission LED (p<0.001).  
 
4. Discussion 
The first research hypothesis tested could not be rejected because the cure 
efficiency and color stability were significantly different among the different types of 
photoinitiators, Figure 4 shows that different cure efficiency was found for the 
different types of photoinitiator systems, and depends on the LED wavelength 
emission range. Moreover, BAPO and TPO produced composites with lower color 
stability compared to those with the CQ-systems, regardless of the cure efficiency 
(Figure 5). Differences among cure efficiency of different photoinitiator systems were 
expected as a result of distinct mechanisms of reaction to generate free radicals and 
initiate the polymerization.  
The mechanism of initiation by CQ, due to its diketone grouping, involves the 
presence of a co-initiator, usually an amine-derivative. In these cases only one active 
free radical derived from the amine H-transfer is expected for polymerization 
initiation.13 On the other hand, the reaction of the type-I photoinitiators involves a 
cleavage of the molecule when exposed to a specific wavelength within its 
absorbance spectra. This cleavage reaction usually generates free radicals capable 
of initiating the polymerization reaction. For TPO, the photochemical process leads to 
the cleavage of the C–P bond (Figure 1), forming acyl and phosphonyl radicals. 
BAPO has sometimes been considered a more efficient initiator due to the possibility 
of forming four radicals per decomposed molecule. Initially, the BAPO photochemical 
process leads to a homolytic cleavage of the second C–P bond on both sides of the 
molecule (Figure 1) forming two potentially active radicals per absorbed photon.13 
This explains the higher monomer conversion for both BAPO and TPO as compared 
with the CQ-systems when activated by the polywave light. Also, the compounds 
derived from acylphosphine oxides have higher molar absorptivity than does CQ 
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(Table 2), which means that those compounds absorb more light than the diketone 
molecule at the corresponding maximum peak absorption. 
The second research hypothesis that cure efficiency and color stability are 
significantly different when using different light-emitting diodes wavelengths could 
also not be rejected. As observed in Figure 2, the absorption peak of CQ is 470nm 
and extends slightly to the violet wavelength range and overlaps with both light-
curing units wavelength emission (Bluephase G2 and Smartlite). However, the peaks 
of BAPO and TPO are mainly in the near UV-A and extends only slightly into the 
visible violet region. Therefore, only a broad spectrum LED with violet wavelength 
emission is capable of exciting TPO and BAPO molecules, and this explains the 
higher cure efficiency of the photoinitiator systems derived from acylphosphine 
oxides when photo-activated using the broad spectrum LED instead of the 
narrowband unit.17 This is also consistent with the fact that the lowest monomer 
conversion was achieved with the TPO-containing material when photo-activated 
with the narrow band unit with using light emitting exclusively in the blue wavelength 
range (Figure 4), because its absorption range is almost completely outside of the 
spectral radiant power of the emitted light. 
On the other hand, despite the fact that the light absorption of CQ is into the 
blue wavelength range for both light-curing units (Bluephase G2 and Smartlite), when 
CQ was combined with DMAEMA, it produced lower monomer conversion than TPO, 
BAPO light cured with the broad spectrum LED, and CQ combined with EDMAB or 
DMPOH. This result could be explained by the fact that DMAEMA is an aliphatic 
amine and aliphatic amines are less reactive than aromatic amines, such as EDMAB 
and DMPOH.18  
After the light exposure, CQ transits to an excited triplet state, then combines 
randomly with an amine co-initiator and the reaction progresses by the electron 
transference from the amine co-initiator to the electrophile carbon atom in CQ to form 
exciplex. This exciplex receives a proton (H+) from the amine and then generates a 
carbon-based free radical that is able to initiate an addition polymerization reaction.13 
The efficiency of the exciplex formation depends on the amine concentration and the 
nucleophilicity of the molecules. Since the same molar concentration was used in this 
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study (1:1 CQ/amine molar ratio), lower cure efficiency would be expected for the 
aliphatic amine than the aromatic amines combined with CQ, as the reactivity of the 
amines are directly related to the nucleophilicity of the chemical species.  
Nucleophilicity can be described by the capacity of a chemical compound to 
donate electrons to an electrophile molecule (i.e. CQ in the triplet state) to form a 
chemical bond. The nucleophilicity depends on the chemical structure of the amines:  
the fewer the C=C bonds there are in the molecule; the lower is the resonance and 
ultimate reactivity. Also amines with strong electron withdrawing substituents reduce 
the reactivity, which explains the lower reactivity for DMPOH than EDMAB (Figure 1). 
In addition, DMAEMA has a polymerizable group, which means that the mobility of 
this amine progressively diminishes as conversion develops in comparison to 
diffusion of the free aromatic amines (EDMAB and DMPOH).    
Also, despite similar total radiant exposure by both light-curing units, the broad 
spectrum LED presented lower radiant exposure at the CQ absorption peak at 
470nm (Table 3). Thus, as the reactivity of this reducing agent is lower than the other 
molecules, the lower irradiance contributed to reduce the amount of CQ transformed 
to the excited triplet state where it would be capable of interacting with the tertiary 
amine. 
The color change after aging for the CQ-systems mostly involved an increase 
in the b component (Figure 5). The yellowing (>+b) of the CQ-based composites after 
aging can be explained by the direct oxidation of the amines when in contact with 
oxygen in the surface. However, while the presence of oxygen inside the restorations 
is unlikely, there are also avenues for unsaturation to be formed with photo-reduced 
amines upon coupled electron transfer. Non-reacted amines have double bonds, 
which are capable of absorbing UV-light, transporting them to elevated energy states. 
These active molecules are capable of further reacting with other molecules, such as 
non-reacted monomers or impurities, and from this reaction, larger and more 
conjugated systems, also called color centers or chromophores, are formed.6  
Conjugated systems consist of alternating double and single bonds. The more 
conjugated the molecule is, the more color saturated is the compound. The visible 
light of the electromagnetic spectrum is adjacent to the UV region, extending from 
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approximately 400 to 800nm. Colored compounds have such extended systems of 
conjugation that their UV absorption actually extends out into the visible region. Thus, 
when the light strikes these molecules, the wavelength, especially in the green-blue 
region of the electromagnetic spectrum, is absorbed, while the red-yellow spectrum 
light is reflected.  
As the samples were exposed to UV-B light during the artificial accelerated 
aging7 differences in color changes are expected according to differences in the 
degree of conversion and the absorbance level into the UV-B wavelength of each 
amine associated with the camphorquinone. Thought the aliphatic amine (DMAEMA) 
had the least overall absorption in the UV range, the low DC for this resin suggest 
that it had the highest content of non-reacted amines, making this resin more prone 
to color change from oxidation of the amine than was the resin with the aromatic 
amine (DMPOH). Despite the similar degree of conversion achieved with the 
aromatic amines, there was more yellowing for EDMAB, possibly due to the fact that 
this amine has greater overall absorbance into the UV-B wavelength range, as 
shown in Figure 3.  
Despite the fact that amines are not required for type-I photoinitiators, its color 
stability still depends on its compounds degradation. After photo-degradation by UV-
B aging, BAPO and TPO undergo a photo-bleaching effect by >L (whitener) and <b 
(less yellow), as shown in Figure 5. A minor lightness effect (>+L) after aging is 
expected due to differences in the refractive index of the components within the 
polymeric matrix of resin-based composites and affect light reflectivity.19-23 Also, the 
water uptake by the polymer during aging can increase light scattering, especially 
when the difference of refractive index between water (1.332) and filler or resin 
matrix is larger than between the filler and the resin matrix,6 as can be observed in 
Table 1. The higher photo-bleaching effect of BAPO and TPO in comparison to the 
CQ-systems occurs due to the carbonyl-phosphine bond that is consumed during 
degradation, causing a decrease in b and an increase in L. 
In contrast with CQ, a molecule that is capable of transitioning from an excited 
triplet state to a fundamental singlet state if not combined with a co-initiator; type I 
photoinitiators, such as BAPO and TPO, have a one-way cleavage reaction that does 
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not require a co-initiator. These photoinitiators are also UV-sensitive, so the non-
reacted molecules trapped within the polymeric matrix are still capable of being 
cleaved when exposed further to UV-light. However, since the molecular mobility of 
the radicals is greatly impeded in the vitrified polymer, they may remain trapped 
within the structure without contributing to further polymerization, though they could 
contributing to a change of color of the composite. Thus, despite the differences in 
the initial color of the composites, after aging, CQ-based composites become more 
yellow with time and BAPO- and TPO- lighter and less yellow.  
A limitation of this study is the fact that the same initial color for the different 
composites was not possible due to the necessity for using equimolar concentrations 
of the different photoinitiator systems. However, despite small differences among the 
initial color parameters of the different photoinitiator-based composites (Table 4), the 
color changes after aging were much more significant. Considering the effect of the 
photoinitiator system on color stability of the restorative material, BAPO and TPO 
induced higher color changes in comparison to CQ in the long-term; CQ-based 
composites become more yellow and BAPO- and TPO- lighter and less yellow. Thus, 
as restorative materials are produced with a combination of different pigments in 
order to achieve different tooth colors regardless of the photoinitiator system used, it 
is possible to deduce that composites with the same initial color and equimolar 
concentration of different photoinitiators will have different color change behavior in 
the long-term.   
As observed in this study, CQ-systems presented higher color stability than 
type-I photoinitiators despite the higher cure efficiency of the latter and the fact that 
they contribute less yellowing to the initial color. Future studies should evaluate the 
influence of alternative photoinitiators in order to reduce the yellowing effects of 
camphorquinone, not only on the initial color after photo-activation, but also on the 
color stability in the long-term. Further studies are being conduct in order to better 
explain the relationship between photoinitiators and reducing agents consumption 






Within the limitations of this in vitro study, the following conclusion can be 
drawn: After aging, CQ-based composites become more yellow and BAPO- and 
TPO- lighter and less yellow. However, CQ-based composites presented higher color 
stability than type-I photoinitiators, such as BAPO- and TPO-, despite their higher 
cure efficiency when photo-activated with similar wavelengths of light. 
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Artigo: The Effect of Combining Photoinitiator Systems on the Color and 
Curing Profile of Resin-based Composites 
Oliveira DCRS, Rocha MG, Correa IC, Correr AB, Ferracane JL, Sinhoreti MAC 




Objectives: To evaluate the effect of combining camphorquinone (CQ) and 
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) on the color and curing 
profile of resin-based composites.  
Methods: Experimental composites were produced with different CQ and TPO molar 
concentrations: CQ-only, 3CQ:1TPO, 1CQ:1TPO, 1CQ:3TPO, and TPO-only. 
Polywave LED was characterized using a Beam Profiler. Block-shaped samples 
(5x5x3 mm depth) were cured in a custom-designed mold with a polywave LED 
positioned to compare the regions exposed to the 420-495 nm and 380-420 nm LED 
emittances. To map the cure profile, degree of conversion (DC) of longitudinal cross-
sections from each block were evaluated by FT-NIR. Color, light-transmittance and 
light-absorption during curing were evaluated on specimens 1 to 3 mm thick. Data 
were analyzed using ANOVA/Tukey’s test (α=0.05; β=0.2).  
Results: Though the polywave LED beam profile was non-uniform, up to a depth of 2 
mm no differences in DC were found among the composites containing CQ with TPO 
added up to 50%, regardless of the position under the curing tip. Composites with 
higher TPO concentration showed a decrease in DC beginning with a depth of 1mm, 
while composites with higher or similar CQ concentrations did not show decreased 
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DC until a depth of 3 mm. Higher TPO concentration reduced initial yellowness 
and color change after curing; and lower CQ concentration decreased light-
absorption at greater depths.  
Significance: The combination of CQ with TPO added up to 50% reduced the 
yellowness and color change of composites after curing without affecting cure 
efficiency up to a depth of 2 mm. 
Key words: degree of conversion; cure profile; color; light transmittance; 
photoinitiator. 
 
1. Introduction  
It is suggested that the main requirement to ensure clinical success of resin-
based composites (RBCs) is the appropriate light curing of the entire restoration [1]. 
Although this concept is logical, light curing is a complex process that to be most 
effective depends on the photoinitiators within the entire restoration receiving 
sufficient radiant exposure at the correct wavelengths [2]. The radiant exposure is 
defined as the total irradiance (mW/cm2) that the material receives from the curing 
light over a certain time of light application (s) [3]. Thus, ideal curing of a composite 
restoration depends on a calibrated and sufficiently powerful curing light being used 
during a minimum specified time of exposure, and with a correct light-delivery 
technique [4].  
Most RBCs contains camphorquinone (CQ) as the conventional 
photoinitiator system, which absorbs most efficiently at approximately 460-470nm; 
but some RBCs may contain alternative photoinitiators, such as diphenyl(2,4,6-
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trimethylbenzoyl) phosphine oxide (TPO), that absorb light most effectively within a 
lower wavelength range. These photoinitiators are often included as a substitute for 
CQ in commercial resin-based materials for esthetic restorations to reduce the yellow 
coloration [6]. However, as the efficiency of these molecules depends on their 
absorption of light in a different wavelength range than CQ, newer polywave LED 
curing lights that emit additional light at lower wavelengths near the UV range (i.e. 
380-420nm) may be more optimal for light curing than the original monowave units 
that emit predominantly in the blue wavelength range (i.e. 420-495nm) [7]. However, 
because the precise composition of commercial materials is not always fully divulged 
and the instructions for use are not always described in sufficient detail [5], it is 
sometimes challenging to match materials with curing lights. Further, the physical 
geometry of the individual LEDs within the curing lights typically produce a non-
uniform distribution of emitted wavelengths across the surface of the light guide of 
polywave LED units [8-9], and this may also affect the curing efficiency of resin-
based materials [10-12].  
A correlation between the non-uniformity of emitted light and the 
microhardness of RBCs up to 1.2 mm in thickness has been demonstrated [10;12]; 
however, it is not clear that this result will also be reflected throughout the entire 
depth of the typical restoration [11]. Other factors, such as differences in the 
refractive index between the resin matrix and the filler, can influence the light 
distribution through RBCs [13-14], making it difficult to predict the overall effect of the 
beam profile on the curing profile of commercial RBCs containing different 
photoinitiators.  The effect of the non-uniform nature of the beam profile of polywave 
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LEDs on the curing profile of RBCs having different photoinitiator systems has not 
been fully explored.    
Thus, the aim of this study was to evaluate the influence of two different 
photoinitiators having different wavelength absorption ranges: CQ (with absorption 
range in the visible wavelengths at 420-495nm, i.e. blue spectral region), TPO (with 
absorption range into the violet wavelengths at 380-420nm) and their combination 
(CQ and TPO), on light-transmittance, light-absorption and curing profile of RBCs 
exposed to a polywave unit. As the initial purpose of substituting the CQ with an 
alternative photoinitiator is to reduce yellowing, this study also evaluated the color 
before and after curing of the composites with the different photoinitiator systems. 
The tested hypotheses were that: 1- The non-uniform light emitted from the polywave 
LED would affect the curing profile of the RBCs; and 2- The combination of CQ and 
TPO in the formulation would increase depth of cure compared to the TPO-only 
system and reduce yellowness and color change compared to the CQ-only system. 
 
2. Materials and Methods 
2.1. Experimental resin-based composites  
Table 1 lists the monomers and filler particles and their concentrations used in 
the experimental dental composites [15]. The monomers were blended using a 
centrifugal mixing device (SpeedMixer, DAC 150.1 FVZ- K, Hauschild Engineering, 
Hamm, North Rhine-Westphalia, Germany). To this resin blend, different molar 
concentrations of CQ-amine (1:1) [16;17] and TPO were added (Table 2). 
Subsequently, the filler particles were added, first by pre-mixing the fumed silica filler 
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with the monomer blend for 30 seconds at 3000 rpm, followed by the barium 
borosilicate glass filler for 1 minute at 3500 rpm. Then, each resin-based composite 
was mixed one final time for 1 minute at 3500 rpm under vacuum to eliminate 
porosities. 
 
Table 1 - Monomers and fillers used to formulate the experimental resin-based composites. 




Bis-GMA* 1.552 10.15 
Sigma Aldrich, St. Louis, MO, USA 
Bis-EMA* 1.535 11.375 
UDMA* 1.461 11.375 
TEGDMA* 1.483 2.1 
Fillers 
0.05 µm fumed 
silica 1.535 13 
Nippon Aerosil Co. Ltd., Tokyo, 
Japan 
0.7 µm BaBSiO2* 1.541 52 Esstech Inc., Essington, PA, USA 
* Bisphenol A diglycidylmethacrylate (Bis-GMA); Ethoxylated bisphenol A diglycidyldimethacrylate (Bis-EMA); 
Triethylene glycol dimethacrylate (TEGDMA); Urethane dimethacrylate (UDMA), Barium borosilicate glass 
(BaBSiO2). 
**According to de Oliveira et al., 2016 [16].  
 






CQ EDMAB TPO 
CQ-only 1:0 0.2 0.2 0 
3CQ:1TPO 3:1 0.15 0.15 0.1 
1CQ:1TPO 1:1 0.1 0.1 0.2 
1CQ:3TPO 1:3 0.05  0.05 0.3 
TPO-only 0:1 0 0 0.4 
*Camphorquinone (CQ); Ethyl 4(dimethylamino) benzoate (EDMAB); Diphenyl(2,4,6-trimethylbenzoyl) 






2.2. Curing light characterization 
The mean radiant exposure of the polywave LED (Valo Cordless, Ultradent, 
South Jordan, UT, USA) was evaluated during 10 seconds of application in the 
standard mode using a portable spectrometer-based instrument (CheckMARC, 
BlueLight Analytics, Nova Scotia, Canada). The radiant exposure at 380-420 nm, 
420-495 nm and over the whole range of wavelengths was calculated by integrating 
the irradiance versus wavelength curves obtained from a spectrometer (MARC Resin 
Calibrator, BlueLight Analytics, Nova Scotia, Canada).  
The beam profile of the polywave curing light was characterized by Blue Light 
Analytics. The irradiance and wavelengths of the emitted light distributed across the 
light tip was measured at the emitting surface using a laser beam analyzer (Model 
SP503U, Ophir-Spiricon, Logan, UT) attached to a x-y-z positioning device mounted 
on an optical bench in order to standardize the positioning of the light beam in 
contact with the diffusive surface of the frosted quartz target (DG2X21500, Thor 
Laboratories, Newton, NJ) while the resulting image was recorded with the optical 
analysis software. The software was calibrated according to the pixel scale of the 
camera and the pixel dimensions to enable precise linear measurement of the light 
intensities. Lastly, narrow bandpass filters with full width at half maximum of 10 nm 
(FWHM = 10) (Thor Laboratories, Newton, NJ, USA) were used to differentiate the 






2.3. Absorption spectrophotometric analysis 
Spectrophotometric analysis was performed in order to evaluate the 
absorption of the photoinitiators in the 360-540 nm wavelength range using a UV–Vis 
spectrophotometer (U-2450, Hitachi High- Technologies, Chiyoda, Tokyo, Japan). 
Each photoinitiator was diluted in 1mL of >99.5% ethanol (Sigma-Aldrich, St. Louis, 
MO, USA) at the same concentration as presented in Table 2 for CQ- and TPO-only. 
The spectra were collected using a quartz cell with a path length of 1 cm.  
 
2.4. Curing Profile 
Block-shaped specimens (5x5 mm, 3 mm depth) of the experimental composites 
were produced by curing the material with a radiant exposure of 10,000 mJ/cm2 
(1000 mW/cm2 for 10 seconds) in a custom-designed polymethylmethacrylate 
(PMMA) mold using a polywave LED (Valo Cordless, Ultradent, South Jordan, UT, 
USA) with the light tip placed directly on the specimen surface with a Mylar strip 
covering the top (n=5). A jig was made to reproducibly position the LED in order to 
establish the regions of the block directly exposed to the 380-420 nm and 420-495 
nm LED emittances from the polywave unit  (Figure 1). To map the degree of 
conversion (DC) from top to bottom and across the breadth of the block, the block 
was sectioned twice with a diamond saw to produce a 5 mm x 3 mm longitudinal 
cross-section (0.5 mm thick) of the center of the block which was evaluated with a 
FT-NIR Microscope (Nicolet Continuum, Thermo Scientific) coupled to a FT-NIR 
spectrometer (Nicolet Nexus 6700, Thermo Scientific). Spectra were obtained by the 
co-addition of 64 scans at a resolution of 4 cm-1. Vinyl conversion was determined 
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based on the aliphatic absorption band at 6165 cm-1, using the aromatic band at 
4623 cm-1 as an internal reference [16]. Spectra were collected for the polymerized 
longitudinal cross-section specimens of each restoration across the entire length and 
depth of the cross-section and for a non-polymerized sample of each experimental 
composite with the same thickness (0.5 mm) sandwiched between two glass plates. 𝑅 𝑛𝑜𝑛 𝑝𝑜𝑙 𝑥 100, where R is the ratio of peak areas at 6165 cm-1 and 4623 cm-1 in 
polymerized (pol) and non-polymerized (non pol) specimens.     
 
Figure 1. Schematic design of the experimental setup: (A) RBC placed into the 
PMMA mold with 5x5x3mm; (B) Light-curing using the polywave LED positioned to 
establish the regions exposed under 420-495nm (blue spectrum) and 380-420nm 
(violet spectrum) LED emittances; (C and D) Dash lines indicating the cross-section 
(0.5mm thick) of the center of the block-shaped sample; (E and F) Laterial view of the 
sample exemplifying the curing profile analysis by FT-NIR Microscopy. 
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The results were exported to create color-coded maps to describe the DC 
as a function of position under the light beam using the Origin Pro software 
(OriginLab Co., Northampton, MA, USA). The map scales were set to indicate the 
maximum DC achieved and a reduction of 10% of the maximum DC in each 
subsequent color-coded area.  
 
2.5. Color Measurements 
Samples of 1, 2 and 3 mm thickness of each composite were made in Delrin 
rings (Ø=6 mm) with Mylar strips covering the top and bottom. The color parameters 
of each specimen (n=3) were obtained with a D65 illuminant over a white background 
(CIE L* = 91.1, a* = 1.2 and b* = -3.4, Y = 78.8) using a calibrated chromameter (CR-
221, Konica Minolta, Tokyo, Japan) with a sensor-opening diameter of 4 mm. The 
sensor opening of the chromameter was placed in the middle of each specimen and 
three measurements were taken before and after light curing. 
 The CIELab coordinates (L*, a*, b*) from the pre- and immediately post-cured 
specimens were used to evaluate color change (ΔE00) according to the CIEDE2000 
formula (CIE, 2004) [18], where:   
 ∆E00 = [(∆L/KL.SL)2 + (∆C/KC.SC)2 + (∆H/KH.SH)2 + RT.( ∆C/KC.SC).( 
∆H/KH.SH)]0.5,  and ∆L, ∆C and ∆H are the differences in lightness, chroma and hue, 
and Rt is a function (the so-called rotation function) that accounts for the interaction 
between chroma and hue differences in the blue region. Weighting functions, SL, SC, 
and SH adjust the total color difference for variation in the location of the color 
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difference pair in L, a, and b coordinates, and the parametric factors KL, KC, and 
KH are correction terms for the experimental conditions, which were set to 1 [19]. 
 Differences in each inherent color parameter were also determined as ΔL*, 
Δa*, and Δb* by subtracting each pre- and immediately post-cured co-ordinate 
parameter value (+a* = red, −a* = green; +b* = yellow, −b* = blue; +L* = white, -L* = 
black.  
 
2.6. Light Transmittance and Radiant Exposure Absorbed 
The mean radiant exposure of the polywave LED (He (LED)) was obtained from 
the integration of the overall irradiance from the light tip versus time using a 
spectrophotometer (Marc Resin Calibrator, BlueLight Analytics, Nova Scotia, 
Canada). The Resin Calibrator employs a cosine corrected input sensor of 4 mm 
diameter that receives light from 180°. Each specimen that was measured for initial 
color analysis was subsequently placed over the bottom sensor (Ø=4 mm) of the 
Resin Calibrator and the irradiance at the bottom of the specimen (i.e. light 
transmittance through the specimen; mW/cm2) versus time (s) was recorded during 
curing (n=3). The radiant exposure transmitted (He (transmitted)) through each composite 
was obtained from the integration of the light transmittance versus time and the 
radiant exposure absorbed (A) was calculated by the formula: A = (He (LED)) - (He 
(transmitted)). The formula does not consider light-reflectance, but this is considered to 





2.7. Statistical analyses 
A split-plot analysis of variance (ANOVA) was used for the statistical analysis 
of the curing profile values and a two-way ANOVA for radiant exposure absorbed and 
color change values, including variations in the different color coordinates. The 
Tukey’s test was applied for multiple comparisons (α=0.05) among the different 
photoinitiators, LED emittance regions and depths or thickness. Power analysis was 
conducted to determine sample size for each experiment to provide a power of at 
least 0.8 at a significance level of 0.05 (β=0.2).  
 
3. Results 
3.1. Curing light characterization 
The Valo Cordless had a total radiant exposure of 10 ± 0.3 J/cm2, with 7.7 ± 
0.4 J/cm2 being contributed over the wavelength range of 420-495 nm and 2.3 ± 0.2 
J/cm2 over the range of 380-420 nm. Figure 2 illustrates the beam profile in 2D and 
3D of the 420-495 nm and 380-420 nm wavelength ranges. Because of the use of 
the 10 nm bandpass filters to create the image, the emission from the fourth chip 
(residing directly across from the low wavelength LED) with output centered around 
440 nm does not appear in the profile. 
Valo Cordless had an active area of emisson of 0.750 cm2 and a maximum 
irradiance of 1000 mW/cm2, but the irradiance and the wavelengths were not 
uniformly distributed across the tip. For the wavelength emisson between 420-495 
nm, localized standard areas of higher irradiances of 1085 mW/cm2 and lower 
irrradiances of 397.5 mW/cm2 were seen. For the wavelengths within 380-420 nm, 
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localized areas of higher irradiances of 431 mW/cm2 and lower irradiances of 50 
mW/cm2 were seen. 
Figure 2. Beam profile images in 2D and 3D within 420-495nm and 380-420nm 
wavelengths. 
 
3.2. Absorption spectrophotometry  
Figure 3 illustrates the spectral irradiance for the polywave LED compared to 
the absorbance of each photoinitiator plotted against wavelength. The absorption 
peak of CQ is approximately at 470nm, and most of the absorption is within the 430-
490 nm range, though there is absorption down into the violet and up past 500 nm. 
The polywave light shows three peaks, two falling within the blue region and one in 
the violet, with those in the blue region (440 and 460 nm) mainly overlapping the CQ 
absorbance. The absorption peak of TPO is mainly in the near UV-A region and 
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extends to the violet spectrum range (380-420 nm), thus overlapping mostly with 
the violet light spectrum emission peak of the polywave LED at 400 nm.  
 
Figure 3. Absolute irradiance (mW/cm2/nm) x wavelength (nm) for the polywave unit 
compared to the absorbance of CQ and TPO. 
 
3.3. Curing Profiles 
Figure 4 illustrates the curing profile of each composite containing the different 
photoinitiators according to the different LED emittance regions (420-495 nm, 380-
420 nm, and the overlap in between). Table 3 shows that up to 2 mm depth, no 
differences in the DC were found among the composites containing CQ and TPO 
addition up to 50% (CQ-only, 3CQ:1TPO and 1CQ:1TPO), regardless of the region 
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exposed under 380-420nm or 420-495 emittances (p>0.3). On the other hand, the 
composite with TPO addition higher than 50%, 1CQ:3TPO, showed a decrease in 
curing efficiency after a depth of 1 mm (p<0.009), except where there was overlap of 
the two emittances (p>0.057). The TPO-only composite showed similar decrease in 
curing efficiency after 1 mm under all regions. The composite with higher CQ 
concentration, 3CQ:1TPO, showed decreased curing efficiency starting at the 3 mm 
depth in the region under 380-420 nm emittance (p<0.023). The composite with 
1CQ:1TPO also showed slightly decreased curing efficiency at the 3 mm depth under 
all regions (p<0.047).  
Figure 4. Curing profile of the mean DC (%) of CQ and TPO-based composites 













3.4. Color, Light-Transmittance and Light-Absorption analyses 
Figure 5 shows the light transmittance during curing and the radiant exposure 
absorption of each RBC containing the different photoinitiators at 1 mm, 2 mm and 3 
mm thickness, respectively. Figures 6 and 7 show the color change (ΔE) with the 
differences in L*, a* and b* coordinates values and the degree of yellow according to 
the b values before and after cure of each RBC, respectively. As can be observed, 
TPO addition to a CQ-based composite reduced the initial yellowness of the 
composite in a systematic manner based on concentration, as well as the amount of 
color change after curing (p<0.001). However, the addition of TPO also increased the 
radiant exposure that was absorbed within the first 1 mm thickness of the specimen 
and consequently reduced the light being transmitted to the bottom, at least up to a 
depth of 2 mm. At a thickness of 3 mm, there were no differences in the radiant 
exposure absorbed among the different photoinitiator systems. 
 
Table 3 - Degree of conversion in depth of RBCs containing different photoinitiator systems according to each 




(mm) CQ-only 3CQ:1TPO 1CQ:1TPO 1CQ:3TPO TPO-only 
380-420 
nm 
0 53.1 (2.4) Aa 56.0 (1.3) Aa 49.3 (3.7) Aa 57.5 (2.0) Aa 55.8 (1.5) Aa 
1 50.5 (2.3) Aa 54.1 (2.2) ABa 48.8 (5.6) Aa 53.6 (4.2) ABa 49.0 (1.0) Aa 
2 43.5 (4.6) ABa 49.9 (1.9) ABa 39.4 (11.0) ABa 43.7 (3.7) Ba 19.2 (6.4) Bb 
3 36.9 (3.0) Ba 42.4 (2.1) Ba 32.9 (0.3) Ba 14.4 (11.1) Cb* 0.7 (0.5) Cc 
Overlap 
0 50.7 (2.7) Aa 53.7 (1.1) Aa 48.9 (0.6) Aa 54.8 (0.9) Aa 55.6 (1.7) Aa 
1 51.6 (3.5) Aa 56.4 (1.4) Aa 52.5 (0.4) Aa 57.9 (2.4) Aa 52.9 (1.4) Aa 
2 44.8 (8.0) Aa 53.2 (0.2) Aa 44.6 (5.0) Aa 47.8 (3.5) Aa 31.0 (2.9) Bb 
3 40.9 (1.7) Aab 45.3 (1.4) Aa 31.3 (3.9) Bbc 24.3 (5.7) Bc 2.3 (1.5) Cd 
420-495 
nm 
0 52.4 (1.9) Aa 52.3 (1.9) Aa 49.9 (2.1) Aa 59.2 (2.2) Aa 55.5 (1.0) Aa 
1 52.4 (1.3) Aa 54.2 (0.8) Aa 53.1 (1.0) Aa 58.0 (0.9) Aa 50.2 (4.2) Aa 
2 46.4 (2.0) Aa 50.1 (1.2) Aa 47.0 (3.5) Aa 44.9 (6.4) Ba 27.3 (2.3) Bb 
3 40.8 (1.5) Aa 40.4 (3.5) Aa 31.0 (5.1) Ba 31.8 (5.2) Ca* 0.9 (0.2) Cb 
Capital letters compare means in the same column; lower case letters compare means in the same row. 




Figure 5. Light transmittance (mW/cm2) (A, B and C) during curing (s) and radiant 
exposure absorbed (J/cm2) (D) for each resin-based composite containing the 











Figure 6. For each of the resin-based composite, the mean ΔE00, Δa, Δb, and ΔL 




Figure 7. Degree of yellow (b*) before and after cure for each resin-based composite 
containing the different photoinitiators ratios. 
 
4. Discussion 
The first research hypothesis, that the non-uniform nature of the wavelengths 
of light emitted across the entire area of the tip of the polywave light will affect the 
curing profile of the RBCs, could not be rejected. Irradiance and spectral emission 
from the polywave LED unit tested was not uniform across the light tip, which is in 
		
84	
agreement with previous studies [8;10] and lower DC at greater depths were found 
under different wavelength emission regions for each photoinitiator system (Table 3).  
Beam profile images showed that despite the presence of areas of higher and 
lower emittances, there is at least some measurable irradiance of both types of LEDs 
across the entire area of the light tip (Figure 2). Regardless of the non-uniform nature 
of the beam profile, composites with CQ- and TPO-only demonstrated homogeneous 
curing profiles, i.e. similar DC across the regions under the two LEDs and within the 
overlap at the 1, 2, and 3 mm depths, though the DC varied, becoming lower at the 
greater depths (Figure 4).  
Differences in the refractive index between the resin matrix and filler particles 
directly affect light scattering within and transmission through the composite material 
during curing. Light scattering is typically maximized when the filler particle size is 
close to that of the incoming light, which would be approximately 400-500 nm for the 
curing light used. This wavelength is about 10x larger than the size of the 0.05 µm 
fumed silica fillers used in these composites (50 nm) [15]. However, the majority of 
the filler loading (52 wt%) was with the 0.7 µm barium borosilicate glass (700 nm), 
which is almost twice the wavelength of the light emitted from the polywave LED, 
suggesting high light scattering through all of the experimental composites. 
A greater refractive index difference between the inorganic fillers and the 
monomer matrix leads to a greater light scattering, due to multiple reflections and 
refractions at these interfaces. However, as the DC increases during light exposure, 
the transmittance of the composite gradually increases as the differences in the 
refractive indices between resin and filler are reduced due to the increase of 
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refractive index of the polymers formed [20]. This increase is in part due to the 
enhanced density of the polymer as compared with the monomer; as well as to a 
decrease in molecular mobility as cross-linking density and viscosity increase [21]. 
Thus, as the composition of the experimental composites was standardized, 
differences in the light transmittance through the composite is expected due to 
differences in the DC caused by the photoinitiator system and its interaction with the 
different wavelengths emitted from the polywave LED. This is reasonable given the 
different light attenuation for shorter wavelengths such as 380-420 nm in comparison 
to 420-495 nm wavelengths.  
According to Rayleigh scattering theory, light transmission into deeper portions 
of a restoration would be reduced at shorter wavelengths [13-14]. Thus, as the 
maximum absorption of TPO falls exclusively in the shorter wavelength range of the 
emission spectrum (380-420 nm) compared to the CQ (420-495 nm) (Figure 3), there 
are limitations for the depth of cure for composites containing this photoinitiator, 
regardless of the LED emittance region (380-420 nm or 420-495 nm spectrums).  
As can be observed in Table 3, composites with TPO-only demonstrated a 
decrease in curing efficiency starting at a depth of 1 mm, independent of the LED 
emittance region (p<0.009). In contrast, this reduction was only apparent for the 
composite with CQ-only at the 3 mm depth (p<0.023). Thus, the light scattering 
caused by the difference between the refractive index of the filler particles and the 
organic matrix seems to reduce the effect of the non-uniform nature of the beam 
profile from the LED unit, but to different extents according to the wavelength. 
The second tested hypothesis, that the combination of CQ and TPO would 
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increase depth of cure as compared to a TPO-only system, and reduce yellowness 
and color change compared to the CQ-only system, could not be rejected. The 
presence of TPO did reduce the initial yellowness of the composite (Figure 7), as well 
as the amount of color change after curing (Figure 6) compared to the CQ-only 
system (p<0.001), and the effect was concentration-dependent. This was expected 
because of the less yellow appearance of TPO that was being substituted for CQ; but 
TPO addition also increased the radiant exposure that was absorbed within the first 1 
mm thickness, which also reduced the light being transmitted to the bottom, at least 
up to a thickness of 2 mm (Figure 5).  
CQ-based materials are expected to be initially yellowish due to the presence 
of two carbonyl chromophore groups in the chemical structure of the CQ that are 
responsible for absorbing blue light and reflecting the complementary color co-
ordinate, yellow [6;17]. Also, due to the chemical reaction of the carbonyl 
chromophore group with a tertiary amine after light exposure, a photobleaching effect 
progressively occurs during curing [17]. Although the photobleaching reduces the 
initial yellowness, the change makes it more difficult to do color matching for clinical 
shade selection. As was shown in this study, replacing CQ with TPO reduces this 
problem because it is less yellow and undergoes less of a change during curing as 
compared with CQ. However, TPO additions beyond 50% of the photoinitiator system 
resulted in reduced curing efficiency in increments exceeding 2 mm (p<0.009).  
Thus, as observed in this study, the use of TPO-only is not an efficient 
alternative photoinitiator for CQ in RBCs due to its limited depth of cure, even when 
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an LED with the most appropriate wavelengths is used for photoactivation. 
However, the addition of TPO to a CQ-based system makes it possible to increase 
depth of cure compared to the TPO-only system and to reduce yellowness and color 
change attributed to a CQ-only system. Again, TPO should be limited to 50% or less 
of the overall photoinitiator system in conventional composites requiring the layering 
technique using increments up to 2 mm thick. CQ and TPO in the ratio 1:1 
demonstrated less initial yellowness and lower color change after curing without 
affecting depth of cure in comparison to the CQ-only system, regardless of the 
wavelength emittance of the polywave LED.  
The non-uniform beam profile of the polywave LED only affected the curing 
profile of the CQ-based composites at a depth of 3 mm. As the maximum thickness 
in the layering technique for conventional RBCs is recommended to be 2 mm, there 
should be limited clinical relevance in the correlation between the beam profile and 
the curing profile of conventional RBCs. On the other hand, further studies should 
verify if these hypotheses could be extrapolated for bulkfill RBCs. Also, this study 
was limited to a block of composite simulating a class I restoration, and further 
studies should verify if the same behavior would occur in class II restorations.  
 
5. Conclusion 
This study showed that there was no influence of the non-uniform nature of 
the beam profile of the polywave LED on the curing profile of CQ-based composites 
up to a depth of 2 mm. The use of up to 50% TPO in association with CQ presented 
similar curing profiles up to a depth of 2 mm and reduced yellowness and color 
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change after curing. Beyond 2 mm, substituting some of the CQ with TPO 
additions resulted in reduced degree of conversion at the greater depths.  
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Dentre os diversos fatores capazes de influenciar na estabilidade da cor das 
resinas compostas, a composição do material é o fator de maior questionamento na 
literatura científica (Pires de Souza et al., 2007; Lim et al., 2008; Watanabe & Covey, 
2008; Oliveira et al., 2014). Apesar da influência de diversos componentes na 
estabilidade da cor estar consolidada na literatura (Sideridou et al., 2002; Ferracane, 
2006; Pfeifer et al., 2009), a de outros ainda é desconhecida. Por exemplo, sistemas 
fotoiniciadores alternativos à canforquinona têm sido foco de diversos estudos 
(Schneider et al., 2008; Schneider et al., 2009; Brandt et al., 2011); entretanto, a 
avaliação da real influência destes na cor e na estabilidade de cor de compósitos 
resinosos ainda é causa de discussão e, por isso, foi o foco neste projeto de 
pesquisa.   
O conteúdo orgânico e inorgânico é um fator influente no grau de conversão 
dos compósitos odontológicos (Ferracane & Berge, 1998) e, consequentemente, 
influencia diretamente no índice de refração do material resinoso (Ferracane, 2006; 
Lee & Powers, 2007) e no aspecto clínico da resina composta. Por esse motivo, com 
intuito de prover literatura científica adequada para a discussão das causas de 
alteração de cor de compósitos resinosos, assim como prover material adequado 
para justificar importância da composição das resinas compostas avaliadas neste 
projeto de pesquisa, um estudo piloto inicial foi conduzido de forma a avaliar a 
influência do percentual de carga inorgânica no grau de conversão e estabilidade de 
cor das resinas compostas.  
O estudo apresentado no Apêndice 1, “Effect of nanofiller loading on cure 
efficiency and potential color change of model composites”, publicado no 
Journal of Esthetic and Restorative Dentistry em 2016, teve por objetivo avaliar a 
composição básica padrão utilizada na confecção das resinas compostas 
experimentais do projeto de pesquisa. Como observado por meio da análise dos 
resultados obtidos neste estudo, de fato a quantidade de conteúdo inorgânico é 
capaz de influenciar não apenas no grau de conversão, mas também a estabilidade 
da cor desses materiais resinosos. Apesar da padronização do conteúdo inorgânico 
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para todos os compósitos estudados neste projeto de pesquisa não influenciar a 
comparação dos resultados com a realização deste estudo piloto, tornou óbvia a 
necessidade de padronização da composição para avaliação de dados como grau 
de conversão e avaliação da cor em compósitos.  
O estudo apresentado no Apêndice 2, “Effect of different in vitro aging 
methods on color change of a dental resin-based composite using CIELAB and 
CIEDE2000 color-difference formulas”, publicado no Journal of Esthetic and 
Restorative Dentistry em 2015, teve por objetivo avaliar a influência de diferentes 
tipos de envelhecimentos artificiais na alteração de cor do compósito resinoso 
padrão utilizado para todo desenvolvimento do projeto em questão. O intuito deste 
piloto foi prover literatura científica adequada para a discussão da influência do 
método de envelhecimento na alteração de cor dos compósitos resinosos. Como 
pode ser observado por meio da análise dos resultados de alteração de cor, de fato 
o tipo de envelhecimento artificial utilizado é capaz de influenciar no grau de 
alteração de cor. Este estudo possibilitou explicações importantes em relação às 
alterações dentro dos eixos CIE L*, a* e *b* em função da exposição à luz 
ultravioleta e sorção de água propostas pelo envelhecimento artificial acelerado, 
utilizado como método de envelhecimento. Esse estudo demonstrou a alta 
capacidade de alteração de cor de compósitos resinosos por meio dos 
envelhecimentos por luz ultra-violeta em comparação ao método de armazenamento 
em água. Por esse motivo, o envelhecimento por luz ultra-violeta foi o método 
selecionado para indução de alteração de cor nos diferentes estudos realizados 
neste projeto de pesquisa.  
O objetivo principal deste projeto de pesquisa foi avaliar não apenas 
fotoiniciadores alternativos previamente descritos na literatura, como também 
agentes redutores alternativos para co-iniciação junto à canforquinona na eficiência 
de cura e estabilidade de cor de resinas compostas experimentais. Dentre eles, o 
álcool 4-N,N dimetilamino feniletílico, a N, N, 3, 5-tetrametil-anilina, a N, N-dimetil p-
toluidina, a N, N-dietanol-p-toluidina, o ácido de éster etílico de N, N-dimetil-p-
aminobenzóico e a sesamina, assim como a adição de (4-octiloxifenil)-feniliodonio 
hexafluoroantimonato foram avaliados. Entretanto, apenas o álcool 4-N,N 
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dimetilamino feniletílico apresentou resultados satisfatórios durante os testes 
pilotos.  Desta forma, como antes de se avaliar novas substâncias propostas para 
biomateriais, a biocompatibilidade, assim como a efetividade destas substâncias 
deve ser previamente confirmada. Portanto, o estudo apresentado no Apêndice 3, 
“Effect of 4-(N,N-dimethylamino)phenethyl alcohol on degree of conversion and 
cytotoxicity of photo-cured CQ-based resin composites”, publicado no Brazilian 
Dental Journal em 2014, foi originado da necessidade inicial de se testar a 
citotoxicidade e a efetividade de cura do agente redutor alternativo proposto, o álcool 
4-N,N dimetilamino feniletílico, para utilização como agente redutor junto ao 
fotoiniciador canforquinona. O estudo proveu literatura científica garantindo a 
biocompatibilidade do compósito contendo o agente redutor alternativo em 
comparação às aminas terciárias convencionais, dimetil aminoetil metacrilato e 4-
dimetilamino benzoato.  
De forma geral, os agentes redutores deveriam ser totalmente consumidos 
durante o processo de cura e não afetar a biocompatibilidade dos materiais 
resinosos (Braden et al., 1976). Entretanto, a conversão monomérica pode 
acontecer em diferentes graus de acordo com o tipo de sistema fotoiniciador 
utilizado na formulação dos materiais resinosos. Desta forma, a avaliação da 
eficiência de cura e citotoxicidade foram extremamente importantes para confirmar a 
eficácia da substituição de um agente redutor convencional para o alternativo 
proposto, assim como o comportamento biológico do novo material resinoso 
formulado.  
O estudo apresentado no Artigo 2, “Effect of photoinitiators and reducing 
agents on cure efficiency and color stability of resin-based composites using 
different LED wavelengths”, publicado no Journal of Dentistry em 2015, avaliou 
diferentes sistemas fotoiniciadores e de agentes redutores quanto à eficiência de 
cura e estabilidade de cor de resinas compostas experimentais fotoativadas com 
fontes de LEDs com emissão de diferentes comprimentos de onda. Analisando os 
resultados, foi possível observar não apenas a comparação da alteração de cor de 
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cada compósito de acordo com o sistema de fotoniciação, como também as 
diferenças no padrão de alteração de cor com o tempo. 
Dentre os sistemas a base de canforquinona, a associação com o agente 
redutor alternativo, o álcool 4-N,N dimetilamino feniletílico, apresentou melhor 
estabilidade de cor comparada às aminas terciárias convencionais, dimetil aminoetil 
metacrilato e 4-dimetilamino benzoato, assim como aos fotoiniciadores alternativos, 
os óxidos mono-alquil fosfínico e bis-alquil fosfínico. A alteração de cor dos sistemas 
à base de canforquinona ocorreu principalmente em virtude do amarelamento, 
observado nos resultados do eixo b* em função do potencial de oxidação dos 
diferentes agentes redutores utilizando juntamente ao fotoiniciador do tipo II, a 
canforquinona. Por outro lado, para os sistemas a base de fotoiniciadores do tipo I, 
os óxidos mono-alquil fosfínico e bis-alquil fosfínico, a alteração de cor ocorreu 
principalmente em virtude do embranquecimento, observado nos resultados dos 
eixos b* e L*.  
Por outro lado, apesar do amarelamento dos compósitos à base de 
canforquinona, estes apresentaram maior estabilidade de cor e menor probabilidade 
de alteração de cor em comparação aos dentes naturais ao longo do tempo, uma 
vez que os dentes naturais tendem ao amarelamento com o tempo, assim como os 
compósitos resinosos à base de canforquinona como sistema fotoiniciador. 
Concluindo, diferentemente do que é proposto na literatura, sistemas fotoiniciadores 
alternativos à canforquinona, como os óxidos mono-alquil fosfínico e bis-alquil 
fosfínico, não beneficiam a estética de materiais resinosos ao longo do tempo e, 
ainda, possuem um problema ainda mais questionável, o embranquecimento. A 
tendência de alteração da cor dos dentes naturais é o amarelamento ao longo do 
tempo em virtude da pigmentação e deposição contínua de dentina secundária.  
Apesar dos materiais à base de canforquinona sofrerem amarelamento ao 
passar do tempo, a probabilidade de indicação de troca da restauração em virtude 
de alteração de cor (Sadowsky, 2006) em relação ao dente natural é menor em 
relação aos materiais a base de sistemas alternativos como os óxidos mono-alquil 
fosfínico e bis-alquil fosfínico. Dessa forma, com o objetivo de reduzir o grau de 
amarelamento ao longo do tempo de materiais resinosos à base de canforquinona, 
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diferentes combinações com um óxido fosfínico, o óxido mono-alquil fosfínico, 
foram sugeridas e testadas no estudo apresentado no Apêndice 4, “Effect of 
combining photoinitiators on initial color and color stability of dental resin-
based composites”, submetido no Journal of Esthetic and Restorative Dentistry em 
2016.  
Nesse estudo, compósitos resinosos experimentais contendo proporções de 
75/25, 50/50 e 25/75 mol% de óxido fosfínico para canforquinona como sistema 
fotoiniciador foram testados em comparação a formulações contendo apenas 
canforquinona ou óxido mono-alquil fosfínico em concentrações equimolares. 
Analisando os resultados, foi possível observar que quanto maior foi o percentual do 
óxido fosfínico em relação à canforquinona, menor foi alteração de cor do compósito 
resinoso. Desta forma, conclui-se que a substituição parcial da canforquinona por 
óxidos fosfínicos pode ser uma solução estética mais viável do que a substituição 
total por esses tipos de sistemas fotoiniciadores alternativos.  
Entretanto, os resultados do estudo apresentado em Artigo 3, “The Effect of 
Combining Photoinitiator Systems on the Color and Curing Profile of Resin-
based Composites”, publicado no Dental Materials em 2016, demonstraram que 
essa substituição parcial deve ser limitada ao intervalo entre 50/50 a 75/25 mol% de 
óxido fosfínico para canforquinona, uma vez que a substituição da canforquinona a 
partir de 75 mol% provocou a redução do grau de conversão em função da 
profundidade do compósitos resinoso.  
Durante o desenvolvimento do projeto de pesquisa em questão, uma nova 
linha avaliando a influência desses diferentes sistemas fotoiniciadores na cor inicial 
dos compósitos resinosos e na transmissão de luz em profundidade de acordo com 
os diferentes comprimentos de ondas emitidos pelos diferentes LEDs foram testados 
a fim de explicar as diferenças na profundidade de cura desses compósitos de 
acordo com o sistema fotoiniciador. O estudo apresentado no Artigo 1 “Color, 
translucence and light-transmittance characteristics on resin-based 
composites containing different photo-initiator systems”, submetido no Dental 
Materials em 2016, demonstrou que existe forte correlação entre a cor do material e 
a transmissão de luz em profundidade. De forma geral, como maior intensidade de 
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luz é emitida dentro do comprimento de onda azul, compósitos à base de 
canforquinona absorvem esse comprimento de onda, reagem e causam uma 
redução no grau de amarelo no eixo b*. Dessa forma, como observado nos 
resultados desse estudo, a redução no grau de amarelo durante a cura possibilita 
um aumento progressivo na transmissão de luz azul pelo compósito. 
Consequentemente, forte correlação entre a transmissão de luz pelo compósito e a 
profundidade de cura também ocorre em virtude da excitação do sistema 
fotoiniciador em regiões mais profundas, explicando os resultados obtidos no estudo 
anterior. O estudo apresentado no Apêndice 5, “Curing profile of resin-based 
composites using polywave LEDs”, submetido no Operative Dentistry em 2016, 





A substituição substituição total da CQ por óxidos fosfínicos não parece ser a 
solução mais adequada para compósitos, podendo, ainda, prejudicar a eficiência de 
cura em profundidade. Já a substituição parcial da CQ por óxidos fosfínicos, pode 
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Objectives: To evaluate the effect of nanofiller loading on cure efficiency and 
potential color change of experimental composites.  
Materials and Methods: Four different polymeric materials were produced using the 
same organic matrix blend. To this matrix, different amounts of 0.05 µm fumed silica 
filler were added: no filler, 13wt%, 52wt% and 65wt%. Fourier transform infrared 
spectroscopy was used to evaluate the degree of conversion (DC) for each 
composite using near-IR analysis, and spectrophotometry according to CIELab 
chromatic space was used to evaluate the color change. To induce color change, 
composites were artificially aged with exposure to cycles of UV-B light for 300h. 
Trasmission electron microscopy was used to illustrate nanoffiler aglomeration in the 
resin matrix. Data were analyzed using correlation analysis (α=0.05). 
Results: There was an excellent inverse linear correlation between filler wt% and 
either DC or color change. Greater changes to red (+Δa) and yellow (+Δb) were 
observed as the filler wt% increased. 
Conclusions: A higher percentage of nano-sized filler particles in dental resin 
composites directly affect their cure efficiency and potential for color change.  





Clinical Significance  
The increase in filler particle loading negatively affected monomer conversion 
and color stability of resin-based composites. As reduced filler loading results in 
poorer mechanical properties, to enhance color stability, resin-based composites 
should be formulated by making the refractive index of the polymeric matrix more 
closely match that of the filler throughout the polymerization process. 
 
INTRODUCTION 
The color of resin composites is influenced by the scattering and absorption 
characteristics, light reflectivity and translucency of the material, all of which are 
dependent upon its composition.1 Differences in the refractive index between the 
resin matrix and filler particles can strongly affect light scattering within and 
transmission through the material, affecting clinical appearance.2-7 
A greater refractive index difference between the inorganic fillers and the resin 
matrix leads to a greater light scattering, due to multiple reflections and refraction at 
the resin matrix and filler interfaces.4,7-8 In addition, the light that passes through the 
resin composite is absorbed and scattered to a greater degree as depth increases, 
thus further minimizing its effectiveness in promoting curing.9-10 However, as the 
degree of conversion increases, the transmittance gradually changes as the 
differences in the refractive indices between resin and filler change.  In many cases, 
the difference becomes less and the material demonstrates enhance light 
transmittance.  But for some filler/resin combinations, the difference becomes larger 
during polymerization, making the material even less light transmitting.8 
Increased inorganic filler loading in resin-based composites improves 
mechanical properties.6,11 Conversely, degree of conversion and some optical 
properties may be negatively affected due to accentuated light dispersion.3,12-13 
Commercial resin composites contain different types of resins and fillers having 
various refractive indices. While previous studies have focused on the influence of 
the refractive indices of the base monomers on the clinical appearance of resin 
composites,2-7 it is logical that their appearance and color stability may also depend 
upon the amount of each component. As the effect of filler loading has not been fully 
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explored, the aim of this study was to compare experimental dental resin-based 
composites containing different filler loadings of the same filler type and size on the 
initial degree of conversion and the color change after aging. The tested hypotheses 
were that higher filler particle loading would reduce monomer conversion, and that 
this reduced conversion would lead to poorer color stability in the composites.  
 
MATERIALS AND METHODS 
Model Composites 
Four experimental dental resin composites were mechanically blended using 
a centrifugal mixing device (SpeedMixer, DAC 150.1 FVZ- K, Hauschild Engineering, 
Germany). Table 1 lists the chemicals used to blend the experimental dental resin-
based composites, which consisted of 29wt% bisphenol A diglycidyldimethacrylate 
(Bis-GMA), 32.5 wt% urethane dimethacrylate (UDMA), 32.5wt% ethoxylated 
bisphenol A diglycidyldimethacrylate (Bis-EMA) and 6wt% triethylene glycol 
dimethacrylate (TEGDMA). Camphorquinone (0.25wt%) and ethyl-4-dimethylamino 
benzoate (0.25wt%) were used as the photo-initiator system and 2,6-bis(1,1-













Table 1 - Chemical products used in resin composites composition. 
Material Chemical Refractive Index Manufacturer 
Monomer Bis-GMA 1.552 Sigma Aldrich,  St. Louis, MO, USA.  
Monomer Bis-EMA 1.535 Sigma Aldrich,  St. Louis, MO, USA.  
Monomer UDMA 1.461 Sigma Aldrich,  St. Louis, MO, USA.  
Monomer TEGDMA 1.483 Sigma Aldrich,  St. Louis, MO, USA.  
Filler 
Particle 
0.05 µm fumed silica 
Aerosil OX50  1.460 
Nippon Aerosil Co. Ltd., 
Yokkaichi, Tokyo, Japan. 
* Bisphenol A diglycidilmethacrylate (BIS-GMA); Ethoxylated bisphenol A 
diglycidildimethacrylate (Bis-EMA); Triethylene glycol dimethacrylate (TEGDMA); 
Urethane dimethacrylate (UDMA). 
 
Different percentages of 0.05 µm fumed silica filler: no filler (control), 13wt%, 
52wt% or 65wt%, were added to this matrix in order to simulate dental adhesives 
systems, luting cements and resin composites with none or low filler loading. First, 
the fumed silica filler was pre-mixed with the organic matrix for 30 seconds at 3000 




The cure efficiency for each resin was measured by the degree of conversion 
using Fourier transform infrared spectroscopy (FTIR). The FTIR spectrophotometer 
was coupled to an attenuated total reflectance (ATR) (Spectrum 100, PerkinElmer, 
Waltham, MA, USA) attachment as previously described.14 Absorbance spectra 
included 16 scans at a resolution of 1 cm-1. Unpolymerized blends were scanned 
within a Teflon mold (Φ = 4mm, 1 mm thick) placed on the ATR. The resin blends 
were photo-activated through a polyester strip using a light-curing unit (Bluephase 
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G2, 1230mW/cm2, Ivoclar Vivadent, Schaan, Liechtenstein) for 13 seconds. The 
mean radiant emittance of the light-curing unit was measured using a portable 
spectrometer-based instrument (CheckMARC, BlueLight Analytics, Nova Scotia, 
Canada) in order to calculate the time of photoactivation needed to produce a radiant 
exposure of 16 J/cm2.  
The polymerized samples were scanned 48 h later, and unconverted carbon 
double bonds were quantified by calculating the ratio derived from the aliphatic C=C 
(vinyl) absorption (1638 cm-1) to the aromatic C=C absorption (1608 cm-1) peaks for 
both polymerized and unpolymerized samples (n=10). The DC for each resin was 
calculated according to the follow equation: 
DC (%) = {1-(Xa/Ya)/(Xb/Yb)}×100, where, Xa (polymerized) and Xb 
(unpolymerized) represent the bands of the polymerizable aliphatic double bonds, 
and Ya (polymerized) and Yb (unpolymerized) represent the bands of the aromatic 
double bond. 
 
Color change  
To evaluate color change, CIELAB coordinates (L*, a*, b*) [15] were 
recorded for each sample pre- and immediately post-aging by means of a 
spectrophotometer (CM700d, Konica Minolta, Tokyo, Japan) with a D65 illuminant on 
a white ceramic tile (CIE L* = 91.1, a* = 1.2 and b* = -3.4, Y = 78.8). Differences in 
each inherent color parameter were determined as ΔL*, Δa*, and Δb* by subtracting 
each pre- and immediately post-aged co-ordinate parameter value (+a* = red, −a* = 
green; +b* = yellow, −b* = blue; +L* = white, -L* = black. The ΔE of each specimen 
was calculated using the CIEDE2000 (ΔE00) formula: 




All specimens were aged using an artificial aging machine (EQ-UV, Equilam, 
Diadema, Sao Paulo, SP, Brazil) with alternating 4h cycles of exposure to UVB-313 
light and moisture condensation, both at 50oC, similar to that described in ISO 7491 
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(2000).16 A total of 300 h was used to induce a color change as previously 
described.17 
 
Trasmission electron microscopy (TEM) 
Trasmission electron microscopy (JEM 1400, Jeol, Tokyo, Japan) was used to 
illustrate nanoffiler aglomeration in the resin matrix. 
 
Statistical analysis 
Pearson correlation analyses were carried out to explore the relationship 
between wt% filler and DC, color change, ∆L, ∆a and ∆b. 
 
RESULTS 
The DC percentage was found to be indirectly proportional to the percentage 
of filler loading of the experimental composites (Figure 1). The color change (ΔE) of 
the resin composites was directly proportional to the filler loading (Figure 2).  ΔL*, 
Δa* and Δb* also had a direct linear relationship with filler wt% (Figures 3-5), in 
which, a greater increase in red (+Δa) and yellow (+ΔB) were observed as the filler 
















Figure 1. For each of the experimental dental resin-based composites, the mean DC 













Figure 2. For each of the experimental dental resin-based composites, the mean ΔE 




Figure 3. For each of the experimental dental resin-based composites, the mean ΔL 
values are provided, with standard error values provided for each.  
 
 
Figure 4. For each of the experimental dental resin-based composites, the mean Δa 




Figure 5. For each of the experimental dental resin-based composites, the mean Δb 









Previous studies have shown that factors such as filler and polymeric resin 
matrix refractive index, monomer type and filler type and size can influence monomer 
conversion, appearance and color stability of resin composites.18-20 The refractive 
index of the monomer is strongly dependent on the type of atomic groups in its 
chemical structure.8, 21 The refractive index of filler particles varies by filler type but 
remains constant throughout polymerization within a resin matrix.13 Since in the 
present study the experimental resin composites had the same polymeric matrix and 
same type  of filler particles, the discussion of the results was based only on the 
influence of nanofiller particle load levels. 
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It was initially hypothesized that monomer conversion would be reduced as 
the filler loading was increased. As shown in Figure 1, in fact, there was an excellent 
inverse linear correlation between DC and filler wt%. The opacity and translucency of 
a resin composite can influence light flux according to the reflectance and 
absorbance properties of the filler and the resin matrix,22-23 which is dependent on 
their composition and amount. Light refraction is another factor that can interfere with 
light flux,13 and this can decrease cure depth.24 Based on the results, it was observed 
that filler loading directly affected monomer conversion of the experimental dental 
resin composites, probably due to attenuation of light flux that was enhanced at 
higher filler loadings owing to enhanced light scattering. 
Light scattering is typically maximized when the filler particle size is close to 
that of the incoming light, which would be approximately 400-500 nm for the curing 
light used. This wavelength is about 10x larger than the size of the fumed silica fillers 
used in these composites, which would suggest minimal scattering. However, fumed 
silica fillers tend to agglomerate (Figure 6), thereby producing particles with larger 
effective particle sizes, thus enhancing light scattering as they approach or exceed 
the wavelength of the curing light.20 
As the degree of conversion increases, light transmittance through the 
composite will gradually decrease or increase due to a greater or lesser light 
scattering at the resin-filler interface.4,7 This effect is attributed to the differences in 
the refractive indices between the filler and matrix becoming larger or smaller during 
the polymerization.8 The refractive indices of the fumed silica and each monomer 
used in the resin-based composites are listed in Table 1.  As the composite cures, 
the refractive index of the resin matrix increases,8 in part due to the enhanced 
density of the polymer as compared with the monomer, and due to a decrease in 
molecular polarizability as cross-linking density and viscosity increase.13 
The refractive index of the monomer mixture (~1.504) can be calculated using 
a simple rule of mixtures from the data for the individual monomers (previously 
presented in Table 1).  The index of the resin matrix is initially higher than that of the 
fumed silica filler particles (1.460) and as curing progresses, the refractive index of 
the resin becomes even more dissimilar to that of the filler, causing an increase in 
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scattering within the composite.  The inverse linear correlation between filler wt% 
and DC is probably explained by attenuation of light flux that is enhanced at higher 
filler loadings due to enhanced light scattering throughout the curing process.  
The second hypothesis was that a reduced monomer conversion would lead to 
poorer color stability in the resin-based composites. The results shown in Figure 2 
demonstrate that the color of the resin composites was modified during aging. The 
reddening (+Δa*) and yellowing (+b*)  and increase in lightness (+ΔL*)7 color 
parameters of the resin composites after aging can be attributed to oxidation of the 
amines or monomers3 and the difference between the refractive indices of the resin 
composite before and after aging.4, 25  
The UV-B light applied during aging can be absorbed by unreacted monomers 
and amines, which remain within the polymer network, creating molecules with 
elevated energy states.17 These active molecules may react with oxygen or with 
other aromatic groups and increase visible light absorption, especially in the green-
blue region of the electromagnetic spectrum, thus resulting in a red-yellowing color 
change,17, 26 as shown in Figure 5.  
Indirectly correlated to the DC, the non-reacted monomers and amine ratios 
may provide an explanation for poorer color stability in the resin-based composites 
tested, since a higher content of unreacted compounds would be expected in the 
materials with lower monomer conversion. Thus, unreacted compounds may undergo 
enhanced oxidation reactions during aging, causing an increase in yellowing.27 
Therefore, the lower degree of conversion observed for composites with higher wt% 
filler leads to higher color changes and reduced color stability. 
The refractive index can be modified by the scattering pattern of the organic 
and inorganic matrices of resin composites, leading to changes in the CIE L* axis of 
the composite.4, 13, 28 Water uptake by the polymer can also increase light scattering, 
since the difference between the refractive index of water (1.332) and filler or resin 
matrix are larger than that between the filler and the resin matrix.  This may also help 
to explain the higher L* values after UV/moisture aging. 
As observed in the present study, an inverse linear correlation between DC 
and filler wt% was found, leading to poorer color stability in the filled materials. As 
		
114	
reduced filler loading results in poorer mechanical properties, it is desirable to 
maintain maximum filler loading.  Therefore, to enhance color stability, composites 
should be formulated such that there is maximum light transmittance, perhaps by 
making the refractive index of the polymeric matrix more closely match that of the 
filler throughout the polymerization reaction.13 This could be accomplished by having 
a monomer formulation that is near but only slightly lower than that of the filler, and 
rising to be just slightly higher than the filler during polymerization. 
 
CONCLUSIONS 
The results of this study showed that there was an linear correlation between 
filler wt% and either the DC or color change. A higher percentage of filler particles in 
the dental resin composites directly reduced the cure efficiency and enhanced the 
color change during UV aging.  
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Objective: To evaluate the effect of different in vitro aging methods on color change 
(CC) of an experimental dental resin-based composite using CIELAB (ΔEab) and 
CIEDE2000 (ΔE00) color-difference formulas.  
Materials and Methods: The CC was evaluated with a spectrophotometer (CM700d, 
Konica Minolta) according to the CIE chromatic space. Disk-shaped specimens 
(Φ=5x1mm thick) (n=10) were submitted to different in vitro aging methods: 30 days 
of water aging (WA); 120h of ultraviolet-light aging (UVA); or 300h of an accelerated 
artificial aging method (AAA) with cycles of 4h of UV-B light exposure and 4h of 
moisture condensation to induce CC. The temperature was standardized at 37oC for 
all aging methods. CC was evaluated with ΔEab and ΔE00 formulas. Differences in 
individual Lab coordinates were also calculated. Data for the individual color 
parameters were submitted to one-way analysis of variance and Tukey’s test for 
multiple comparisons (α=0.05).  
Results: All in vitro aging methods tested induced CC, in the following order: WA: 
ΔEab= 0.83 (0.1); ΔE00 = 1.15 (0.1) < AAA: ΔEab = 5.64 (0.2); ΔE00 = 5.01 (0.1) < UVA: 
ΔEab = 6.74 (0.2); ΔE00 = 6.03 (0.4). No changes in L* or a* coordinates were ≥1; the 
methods with UV aging showed a yellowing effect due a large positive change in b*.  
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Conclusions:  All in vitro aging methods tested induced a CC, but to different 
extents. Changes in color followed similar trends, but with different absolute values 
when calculated with the CIELAB and the CIEDE2000 formulas. 




Establishing the efficacy of different artificial aging methods and 
differences between color change using CIELAB and CIEDE2000 formulas are 
important to standardize color stability evaluations and facilitate the comparison of 
outcomes from different studies in the literature. 
 
INTRODUCTION 
Color stability is an important property of dental resin composites, 
especially for esthetic direct restorations. Several factors influence color stability, 
including the components of the material that may be susceptible to degradation over 
time, affecting their clinical appearance.1-3 
Some in vitro aging methods, such as water storage or artificial 
accelerated aging, are commonly used to induce color change of resin-based 
composites in order to evaluate color stability.4-5 As no specific protocol has been 
established in the literature, samples are usually stored in water for weeks and color 
change is not always induced. Many periods of immersion in water have been 
described in the literature, ranging from 7 to 30 days.6-7  Most studies show that color 
change does not depend only on the time of immersion, but also on the composite 
formulation due to different changes in the refractive index of the resin composite8 
and also differences in water sorption, which is dependent on the hydrophobicity of 
the monomers.9-10 
Artificial ultraviolet light irradiation is commonly used as an accelerated 
artificial aging method, often associated with water condensation and in a weathering 
machine.11;12-14 With this method, color changes occur during the first 300 h of the 
aging process,11 and this has been equated to 1 year of clinical service.13 Another 
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method described in the literature to be used in place of accelerated artificial 
aging for dentistry is UV-light exposure14-15 as previous established by ISO (2000),16 
with some modifications in order induce color change more efficiently; but these 
modifications are not standardized. 
As consequence of the many aging methods that have been used and 
described in the literature to induce color change, study outcomes are difficult to 
compare. Establishing the comparison between the efficacies of different artificial 
aging methods is important to standardize color stability evaluation and facilitate the 
comparison of outcomes from different studies. 
Another important aspect of color science is that in the majority of 
dental studies, color and color change are quantified using the CIELAB system,17 
which calculates the color change (ΔEab) according to differences in lightness-
darkness and red-green and blue-yellow coordinates. For this system,  + L * = 
lightness, - L * = darkness, + a * = red, - a * = green, + b * = yellow, - b * = blue.18 
However, since 2001, the CIE19 has been recommending the use of a new color 
difference formula, CIEDE2000 (ΔE00), that utilizes the concepts of Chroma and 
Hue, reinforcing the importance of the original concepts proposed by Munsell.19 
Despite a better correlation of perceptibility and acceptability thresholds 
that can be obtained for color difference using the CIEDE2000 formula20, most 
studies have continued to use the CIELAB system, likely to allow comparisons of 
perceptibility and acceptability thresholds to results obtained in previous literature for 
in vitro aging conditions.17  
Thus, the aim of this study was to evaluate the effect of the different in 
vitro aging methods described in the dental literature to induce color change in an 
experimental dental resin-based composite using both color difference formulas 
(CIELAB and CIEDE2000). For the experimental resin-based composite used in this 
study, the research hypotheses tested were that: (1) All the in vitro aging methods 
would induce similar color change; (2) The two color difference formulas would result 





MATERIALS AND METHODS 
Experimental dental resin-based composite  
Table 1 lists the chemicals used to blend the experimental dental resin-
based composite, which consisted of 35wt% of organic matrix (29wt% Bis-GMA, 
32.5wt% UDMA, 32.5wt% Bis-EMA, 6wt% TEGDMA) and 65wt% of filler (20wt% 
0.05 µm fumed silica filler and 80wt% 0.7 µm BaBSiO2 previously treated with 
6.5wt% of γ-methacryloxypropyltrimethoxy silane). The monomers and fillers were 
blended by a centrifugal mixing device (SpeedMixer, DAC 150.1 FVZ- K, Hauschild 
Engineering, Hamm, North Rhine-Westphalia, Germany). First, the fumed silica filler 
was pre-mixed with the organic matrix for 30 seconds at 3000rpm followed by the 
BaBSiO2 filler for 1 minute at 3500rpm. Then, the resin composite was finally mixed 
for 1 minute at 3500rpm under vacuum.  
Camphorquinone (0.2wt%) and ethyl-4-dimethylamino benzoate 
(0.2wt%) were used as the photo-initiator system and 2,6-bis(1,1-dimethylethyl)-4-
methylphenol (0.01%) as the photo-polymerization inhibitor. 
 
Table 1 - Chemical products used in resin composites composition. 
Material Chemical Refractive Index 
Concentration 
(wt%) Manufacturer 
Monomer BIS-GMA 1.552 10.15 Sigma Aldrich, St. Louis, MO, USA.  
Monomer BIS-EMA 1.535 11.375 Sigma Aldrich, St. Louis, MO, USA.  
Monomer UDMA 1.461 11.375 Sigma Aldrich, St. Louis, MO, USA.  
Monomer TEGDMA 1.483 2.1 Sigma Aldrich, St. Louis, MO, USA.  
Filler 
Particle 
0.05 µm fumed 
silica  1.535 13 

















* Bisphenol A diglycidilmethacrylate (BIS-GMA); Ethoxylated bisphenol A 
diglycidildimethacrylate (Bis-EMA); Triethyele glycol dimethacrylate (TEGDMA); 
Urethane dimethacrylate (UDMA); γ-methacryloxypropyltrimethoxy silane (γ-MPS). 
 
Amine absorption spectrophotometric analysis 
This analysis was performed in order to evaluate the amine absorption 
near the wavelength emission of the UV-light used in AAA and UVA aging methods. 
A solution of 0.2wt% ethyl-4-dimethylamino benzoate was prepared using 1mL of 
>99.5% ethanol (Sigma-Aldrich, St. Louis, MO, USA). The solution absorption 
spectrophotometric analysis was determined in the 200–400nm range using a UV–
Vis spectrophotometer (U-2450, Hitachi High- Technologies, Chiyoda, Tokyo, 
Japan). The spectra were collected using a quartz cell with a path length of 1.0cm.  
 
Sample preparation and degree of conversion analysis 
The degree of conversion (DC) was measured for all samples of each 
experimental group (n=10) in order to ensure that all samples were of essentially 
equivalent DC prior to aging. Fourier transform infrared (FT-IR) spectroscopy 
(Spectrum 100, PerkinElmer, Waltham, MA, USA) coupled to an attenuated total 
reflectance (ATR) attachment was used to measure DC.21 Absorbance spectra 
included 16 scans at a resolution of 1cm-1. Unpolymerized blends were scanned 
within a Teflon mold (d = 5mm x 1mm thickness) sandwiched between two Mylar 
strips and placed on the ATR. The resin blends were photo-activated through the 
Mylar strip with 24J/cm2 (Bluephase G2, Ivoclar Vivadent, Schaan, Liechtenstein – 
radiant emittance: 1200mW/cm2, exposure time: 20s). The polymerized samples 
were scanned 48h later, and unconverted carbon double bonds were quantified by 
calculating the ratio derived from the aliphatic C=C (vinyl) absorption (1638cm-1) to 
the aromatic C=C absorption (1608cm-1) signals for both polymerized and 




DC (%) = {1-(Xa/Ya)/(Xb/Yb)}×100, in which, Xa (polymerized) and 
Xb (unpolymerized) represent the bands of the polymerizable aliphatic double bonds, 




To evaluate color change (CC), CIELAB coordinates (L*, a*, b*)4 were 
recorded for each sample pre- and immediately post-aging by means of a 
spectrophotometer (CM700d, Konica Minolta, Tokyo, Japan) with a D65 illuminant on 
a white ceramic tile (CIE L* = 91.1, a* = 1.2 and b* = -3.4, Y = 78.8). Differences in 
each inherent color parameter were determined as ΔL*, Δa*, and Δb* by subtracting 
each pre- and immediately post-aged co-ordinate parameter value (+a* = red, −a* = 
green; +b* = yellow, −b* = blue; +L* = white, -L* = black. To evaluate CC, ΔE of each 
specimen was calculated using CIELab (ΔEab) and CIEDE2000 (ΔE00) formulas:18-19   
∆Eab = [ΔL2 + Δa2 + Δb2]0.5 
∆E00 = [(∆L/kL.SL)2 + (∆C/kC.SC)2 + (∆H/kH.SH)2 + RT.( ∆C/kC.SC)⋅( 
∆H/kH.SH)]0.5 
 
In vitro Aging Methods 
Ten samples were artificially aged by each method as described below:  
- Water Aging 
The samples were individually immersed in 1mL of water for 30 days at 
37oC. The water was replaced every 7 days to avoid biological contamination. 
Immersion for 30 days was chosen for evaluation to allow the specimens sufficient 
time to saturate with water. 
- Artificial Accelerated Aging 
The samples were subjected to artificial accelerated aging in a 
weathering machine (EQ-UV, Equilam, Diadema, SP, Brazil) for 300 hours, with 
cycles of 4 hours of UV-B light UV-light (UV-B 313, Equilam, Diadema, SP, Brazil) 




- UV-Light Aging 
The samples were UV-light aged for 120 hours using only the UV-B 
cycle exposure at 37oC, similar to that proposed in ISO 7491 (2000).16 To 
standardize the UV-light exposure, the specimens were placed at 10cm distance 
from the UV-light (UV-B 313, Equilam, Diadema, SP, Brazil).  
 
Statistical procedures 
A one-way analysis of variance was used for statistical analysis of the 
DC, ΔE00, ΔEab, ΔL*, Δb* and Δa* values. The Tukey’s test was applied for multiple 
comparisons (p=0.05) among the different in vitro aging methods tested. Power 
analysis was conducted to determine sample size for each experiment, and it was 
determined that n=10 provided a power of at least 0.8 at a significance level of 0.5. 
 
RESULTS 
No significant differences in DC were found among the samples 
subsequently used for the different in vitro aging methods: WA = 49.24 (0.6), AAA = 
49.31 (0.6), and UVA = 49.46 (0.6) (p=0.16566). 
Figure 1 illustrates the color change values. ΔE for the different aging 
methods followed the increasing sequence: WA < AAA < UVA (p=0.00001). The data 
show that the color stability was influenced mostly by changes in b* (p=0.00001). 
Figures 2-4 shows pre- and immediately post-aged L*, a* and b* mean values 
according to each aging method, respectively. 
		
124	
Figure 1. Mean ± standard deviation ΔE00, ΔEab, Δa, Δb, and ΔL values 
for the different in vitro aging methods tested. 
 
Figure 2. Pre- and immediately post-aged L* mean values for the different 




Figure 3. Pre- and immediately post-aged a* mean values for the different 
in vitro aging methods tested. 
Figure 4. Pre- and immediately post-aged b* mean values for the different 




Figure 5 shows the absorbance of the amine (EDAB) in the UV-B 
wavelength range (between 250 and 380nm with a peak at 313nm) of the UV-light 
used for both UV-aging methods. 
 
Figure 5: Absorbance for ethyl-4-dimethylamino benzoate (EDAB) amine 
in the UV-B wavelength range (between 250 and 380 nm with a peak at 
313 nm) of the UV-light used for the UV-aging methods. 
 
DISCUSSION 
The first research hypothesis that all in vitro aging methods would 
induce similar color change in the experimental resin-based composite was rejected. 
While all three in vitro aging methods induced some color change (ΔE≠0); but to 
different extents as shown in Figure 1. 
The higher color change values for the AAA and UVA methods 
compared to the WA can be explained by the effect of the UV-B light, which is able to 
be absorbed by unreacted amines, which remain within the polymer network, 
creating molecules with elevated energy states.11;13 These active molecules may 
react with oxygen or with other aromatic groups and increase visible light absorption, 
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especially in the green-blue region of the electromagnetic spectrum, thus 
resulting in a red-yellowing color change in these samples11 as shown in Figures 1, 3 
and 4. 
While UV light may also affect the unreacted monomers present in the 
material, this variable was kept constant, as shown by the similar initial DC values 
(p=16566). Thus, the color change was not directly correlated to the DC, because the 
level of unreacted amines and monomers was expected to be the same for the resins 
in each aging condition. But the unreacted amines are most affected when exposed 
to the UV light.  Previous studies have shown enhanced oxidation reactions occurring 
after UV-B irradiation, resulting in increased yellowing.22 As shown in Figure 5, the 
absorbance of the amine (EDAB) in the UV-B wavelength range occurs between 250 
and 380nm with a peak at 313nm of the UV-light used for both UV-aging methods, 
thus it is expected that the yellowing effect is due to the large positive change in Δb* 
that was observed for the AAA and UVA aging methods. 
AAA and UVA methods both produced higher color change in the 
composite than the WA method; the UVA showed higher ΔE than AAA in a shorter 
period of aging. This difference may be explained by the effect of the intermittent 
water condensation during the AAA procedure. Differences in refractive index of the 
components that are within the polymeric matrix of resin-based composites can affect 
light reflectivity.23-27 The water uptake by the polymer can increase light scattering, 
especially when the difference of refractive index between water (1.332) and filler or 
resin matrix are larger than that between the filler and the resin matrix. Based on this, 
more light scattering is expected within the composites exposed to the AAA method 
than to the UVA method, because of the condensation cycles in the former. If more 
light is scattered, less light is transmitted through the resin, reducing oxidative 
reactions of amines in deep portions and yellowing of the post-aged material. Also, if 
the light is not scattered, but absorbed by the water that has been taken up instead of 
the unreacted amines, then there will be less oxidation of the amines. Thus, the 
water attenuates the effect of the UV light, and probably explains the higher ΔE 
values of UVA compared to AAA (Figure 1). This helps to explain why all in vitro 
aging methods were able to induce color change, but to different extents. 
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The second hypothesis that both color-difference formulas would 
result in similar trends in color change was accepted. The statistical analysis showed 
that the same trend could be observed using both color-difference formulas, though 
the absolute values differed, and not in a systematic manner.  
In general, perceptibility threshold (PT) ranges between ΔE = 0.4-3.7 
and acceptability threshold (AT) between ΔE > 2-4, accordingly to different authors.17 
These values are based on calculations using the CIELAB color-difference formula 
and different substrates, and thus are not directly comparable to the results 
calculated with the CIEDE2000 color-difference formula. 
Many factors are important to be followed to compare color in dental 
research using the same: substrate (tooth, ceramic, resin, etc.); storage condition 
(dry, relative humidity, water immersion, etc.); instrument for measuring the color 
(spectroradiometer, colorimeter, digital camera or spectrophotometer); the same 
illuminant (D65, etc.); backing for readings (white tile and/or black tile); color change 
method (water storage, dying, accelerated artificial aging, ultraviolet-light aging, etc.); 
color change method conditions (time, temperature, dye solution, light wavelength 
emission, etc.); and color-difference formula to calculate color change (CIELAB, 
CIEDE2000). However if all of the criteria are not reported or reproduced in future 
studies, the literature will continue to provide conflicting data that is difficult to 
compare and reconcile.    
As observed in this study, UV-light aging methods were shown to be 
efficient at inducing color change in resin-based materials. In contrast, additional 
studies are necessary to evaluate color change in other substrates and to quantify 
color difference threshold for different substrates using the CIEDE2000 formula in 
order to provide a consensus for dental research.   
 
CONCLUSIONS 
Within the limitations imposed by the experimental design used in this 
study, the following conclusions can be drawn: (1) All in vitro aging methods tested 
induced color change in the resin-based material; but to different extents following 
the increasing sequence: WA<AAA<UVA. (2) Color changes followed similar trends, 
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Artigo: Effect of 4-(N,N-dimethylamino)phenethyl alcohol on degree of 
conversion and cytotoxicity of photo-cured CQ-based resin composites 
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The aim of this study was to evaluate the degree of conversion (DC) and the 
cytotoxicity of photo-cured experimental resin composites containing 4-(N,N-
dimethylamino)phenethyl alcohol (DMPOH) associated to the camphorquinone (CQ) 
compared to ethylamine benzoate (EDAB). The resin composites were mechanically 
blended using 35wt% of an organic matrix and 65wt% of filler loading. To this matrix 
was added 0.2wt% of CQ and 0.2wt% of one of the reducing agents tested. 5x1mm 
samples (n=5) were previous submitted to DC measurement and then, pre-immersed 
in complete culture medium without 10% (v/v) of fetal bovine serum for 1h or 24h at 
37oC in a humidifier incubator with 5% CO2 and 95% humidity to evaluate the 
cytotoxic effects of experimental resin composites using the MTT assay on 
immortalized human keratinocytes cells. As a result of absence of normal distribution, 
the statistical analysis was performed using the nonparametric Kruskal-Wallis to 
evaluate the cytotoxicity and one-way analysis of variance to evaluate the DC. For 
multiple comparisons, cytotoxicity statistical analyses were submitted to Student-
Newman-Keuls and DC analysis to Tukey’s HSD post-hoc test (α=0.05). No 
significant differences were found between the DC of DMPOH (49.9%) and EDAB 
(50.7%). 1 h outcomes showed no significant difference of the cell viability between 
EDAB (99.26%), DMPOH (94.85%) and the control group (100%). After 24h no 
significant difference were found between EDAB (48.44%) and DMPOH (38.06%), 
but significant difference was found compared to the control group (p>0.05). DMPOH 
presented similar DC and cytotoxicity compared to EDAB when associated with CQ.   
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The improvements in physical and mechanical properties of resin composites 
enabled its use to perform direct and indirect restorations (1). But, while the yellowing 
effect remains in the dental composite resins, color stability still will be the major 
reason for the necessity of replacement of esthetical restorations (2). 
The camphorquinone (CQ) is the most widely and successfully photo-initiator 
used in commercial dental resin composites. As a type II photo-initiator, the 
camphorquinone needs a co-initiator to react and create free radicals to initiate the 
reaction of the photo-cured resin composites (3). Despite their high clinical 
acceptance, photo-initiator systems based on camphorquinone combined with 
tertiary amines as a co-initiator presents a yellowing effect on the color of these resin 
composites causing color change (4).  
Color change is mostly caused because tertiary amines have double bonds, 
which are capable of absorbing UV light and creating higher energy states (5,6). 
Thus, these molecules can react with oxygen or other aromatic groups and form 
conjugated systems, also called color centers or chromospheres (7), increasing the 
absorption of visible light, especially in the blue region of the electromagnetic 
spectrum, causing the yellowing of the material (8). As camphorquinone-based resin 
composites as photo-initiator causes a yellowing effect caused by the oxidation of the 
tertiary amine used as co-initiators (4,7,8-12); this clearly imposes limitations for color 
stability of those composite restorations.  
Alternative co-initiators were also suggested to substitute the tertiary amines 
on dental composite resins associated with the camphorquinone as the photo-initiator 
system (13). The color stability of the amines is more influenced more by the nature 
of the branch on the aromatic ring than on the nitrogen atom (14). The idea of 
substituting the usual branches on the aromatic ring of amines by an alcohol to be 
used a co-initiator, such as the 4-(N,N-dimethylamino)phenethyl alcohol (DMPOH) is 
applicable (13); its kinetics efficiency during polymerization of filled resin composites 
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is still unestablished. Also, until evaluating new substances, which would be used 
as new photo-iniators or reducing agents in dentistry, its biocompatibility and 
chemical reaction effectiveness should be evaluated and confirmed.  
Despite these reducing agents are not supposed to be totally biocompatible, 
as the polymerization occurs, the amount of photo-initiator system is reduced after 
reacting (15). However, this polymerization process occurs differently according to 
the photo-initiator used in the resin composite formulation as well as the co-initiator 
associated and the degree of conversion evaluation is extremely important in order to 
provide information about the efficient of the photo-initiator system and also if its 
capable to affect the biological behavior of the resin material.  
Thus, in order to evaluate if the association of the DMPOH would promote 
acceptable degree of conversion of CQ-based resin composites, the present study 
evaluated the degree of conversion and the cytotoxicity of photo-polymerized 
experimental dental composite resins using 4-(N,N-dimethylamino)phenethyl alcohol 
(DMPOH) associated to the camphorquinone (CQ) as the photo-initiator system 
compared to commercial version using ethylamine benzoate (EDAB). The tested 
hypotheses were: (i) DMPOH and EDAB will promote similar degree of conversion; 
(ii) DMPOH and EDAB will not reduce cells viability; (iii) DMPOH and EDAB will have 
similar cytotoxicity. 
 
Material and Methods 
Experimental dental composite resin production 
Table 1 shows The experimental dental composite resin was produced 
blending 35 wt% of an organic matrix (29 wt% Bis-GMA, 32.5 wt% UDMA, 32.5 wt% 
Bis-EMA, 6 wt% TEGDMA) and 65 wt% of filler content (20 wt% 0.05 µm fumed silica 
filler and 80 wt% 0.7 µm BaBSiO2 previously treated with 6.5 wt% of γ-
methacryloxypropyltrimethoxy silane) using a centrifugal mixing device (SpeedMixer, 
DAC 150.1 FVZ- K, Hauschild Engineering, Germany), similar to commercial resin-
based composites. To this matrix was added: 0.2 wt % of CQ and 0.2 wt % of one of 
the reducing agents tested (DMPOH or EDAB). 0.01% of 2,6-bis(1,1-dimethylethyl)-
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4-methylphenol (0.01 wt %) were used as a photo-polymerization inhibitor. All 
chemical components are shown in Table 1. 
 
Table 1: Material type, chemical product, manufacturer and refractive index of resin 
composites composition. 




Bisphenol A diglycidildimethacrylate 
 (BIS-GMA) 
Sigma Aldrich, 






Ethoxylated bisphenol A 
diglycidildimethacrylate (Bis-EMA) 
Sigma Aldrich, 






Triethylene glycol dimethacrylate 
(TEGDMA) 
Sigma Aldrich, 






Urethane dimethacrylate (UDMA) Sigma Aldrich, 




































Specimen preparation and degree of conversion measurement  
The DC for each resin was measured using Fourier transform infrared 
spectroscopy (FTIR). The FTIR spectrophotometer was coupled to an attenuated 
total reflectance (ATR) (Spectrum 100, PerkinElmer, MA, USA) attachment as 
previously described (16). Absorbance spectra included 16 scans at a resolution of 1 
cm-1. Unpolymerized blends were scanned within a Teflon mold (Φ = 4 mm x 1 mm 
thickness) placed on the ATR. The resin blends were photo-activated through a 
polyester strip with 16 kJ/cm2 using a light-curing unit (Bluephase, Ivoclar Vivadent, 
Schaan, Liechtenstein). The polymerized samples were scanned 48 h later, and 
unconverted carbon double bonds were quantified by calculating the ratio derived 
from the aliphatic C=C (vinyl) absorption (1638 cm-1) to the aromatic C=C absorption 
(1608 cm-1) signals for both polymerized and unpolymerized samples (n = 10). The 
DC for each resin was calculated, according to the follow equation: 
DC (%) = {1-(Xa/Ya)/(Xb/Yb)}×100, where, Xa (polymerized) and Xb (unpolymerized) 
represent the bands of the polymerizable aliphatic double bonds, and Ya 




The immortalized human keratinocytes cells (HaCaT) were obtained from Rio 
de Janeiro Cell Bank, Rio de Janeiro, RJ, Brazil. The cells were grown flasks 
containing complete culture medium: Dulbecco’s Modified Eagle Medium (DMEM, 
Gibco®, Grand Island, NY, USA), supplemented with 10 % (v/v) of fetal bovine serum 
(FBS, Gibco®, Grand Island, NY, USA), 10000 U/mL penicillin (Sigma-Aldrich, St. 
Louis, MO, USA), and 10 mg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA) 
at 37ºC in a humidifier incubator with 5 % CO2 and 95 % humidity. The growth was 
permitted until the cells achieved the confluence. The cells used in these studies 






Treatment of cells with sterilized disk-shapped specimens 
After incubation and semi confluence, the human keratinocytes cells (HaCaT) 
were trypsinized, washed and re suspended to a concentration of 104 cells ml-1 and 
then seeded in a 96-well culture plates (TPP® Techno Plastic Products AG, 
Trasadingen, Switzerland) containing 0.2 mL of complete growth medium and 
incubated for 24 h at 37ºC in 5% CO2 and 95% relative humidity to allow attachment. 
After 24 h, the complete culture medium in the 96-well was removed from the wells, 
washed twice with 200 µL sterile phosphate-buffered saline (PBS, Sigma-Aldrich, St. 
Louis, MO, USA) and then 200 µL of complete culture medium without 10% (v/v) of 
fetal bovine serum (FBS, Gibco®, Grand Island, NY, USA) was added into wells. 
After that, the experimental dental resin composites (disc-shaped specimens - Φ = 4 
mm x 1 mm thickness) were previously sterilized in ethylene oxide gas, and 
immersed into wells. The cells were further incubated for 1 h or 24 h at 37 oC in a 
humidifier incubator with 5 % CO2 and 95 % humidity. The negative control group 
was placed in the culture medium only. 
 
Cell viability assay (MTT) 
Toxic effects of the experimental dental composite resin on cell viability were 
determining by measuring cell viability using MTT assay (MTT assays Life 
Technologies Corp., Eugene, OR, USA). This assay is based upon the ability of 
viable cells to cleave the tetrazolium salt (3- [4, 5-dimethylthiazol-2-yl]-2,5-diphenyl 
tetrazolium bromide (MTT) to a formazan dye. Briefly, the MTT was added to the 
cells at a final concentration of 0.3 mg/mL and incubated for 4h at 37ºC. Purple 
formazan crystals, produced from the MTT by metabolically active cells, were 
dissolved with absolute alcohol and its concentration was measured in a 
spectrophotometer at 570 nm using an ELISA microtiter plate reader (ASYS UVM 
340 Biochrom LTDA, Cambridge, England). Each experimental assay was repeated 
six times; all assays were performed in triplicate for each evaluated sample. 
 Results were expressed as percentage (%) control (A570nm in cells exposed to 





Cell viability (%) = 100   x       ODmean test group 
                                              ODmean control group  
 
Where, OD means optical density. 
 
Statistical procedures 
As a result of absence of normal distribution, the statistical analysis was 
performed using the nonparametric Kruskal-Wallis to evaluate the cytotoxicity of each 
resin blend and one-way analysis of variance to evaluate the degree of conversion. 
For multiple comparisons, cytotoxicity statistical analyses were submitted to Student-
Newman-Keuls and degree of conversion analysis to Tukey’s HSD post-hoc test, 
both at 0.05 of significance level.  
 
Results 
No significant differences were found between the degree of conversion of any 
of the reducing agent tested: EDAB (50.7 ± 0.3) or DMPOH (49.9 ± 0.5).  The cell 
viability (%) median and interquartile range are shown in Table 2. For the cytotoxicity 
test, after 1 h, no significant differences were observed between the cell viability of 
the control group and the testing groups; these groups showed cell viability reduction 
after 24 h.  
 
Table 2. For each of the experimental dental resin-based composite with the different 




Cell viability (%) 
1 hour 24 hours 
CQ/EDAB 99.26 (8.2) 48.44 (2.9) 
CQ/DMPOH 94.85 (5.8) 38.06 (8.8) 




The photo-initiator chemistry of the resin composite is fundamental for efficient 
polymerization to achieve satisfactory physical-mechanical properties and biological 
behavior of the polymer in oral condition (3,7). This study tested three hypotheses; 
the first that the DMPOH and EDAB would promote similar degree of conversion was 
accepted. As the outcomes showed no differences were found between the degree 
of conversion of DMPOH and EDAB, it indicates that DMPOH is an efficient reducing 
agent to be used in association with camphorquinone as a photo-initiator system in 
photo-activated resin composites. 
The DMPOH showed to be an efficient reducing agent to be associated with 
camphorquinone as photoinitiator system in unfilled resins (13); however, its 
efficiency in filled resins was not previous explored. According to Rayleigh’s 
scattering theory, it is expected that light transmission into a restoration might be 
reduced, especially in highly filled materials (17), once greater refractive index 
difference between the inorganic fillers and the resin matrix lead to a greater light 
scattering, due to multiple reflections and refraction at the resin matrix and filler 
interfaces (18-20). In addition, the light that passes through the resin composite is 
absorbed and scattered to a greater degree as depth increases, thus further 
minimizing its effectiveness in promoting curing (21-22). As observed in this study, 
the degree of conversion promoted by DMPOH in association with CQ in filled resin 
composites is not so high as in unfilled resins (13), but similar to the monomer 
conversion of promoted by the conventional photo-initiator system of resin 
composites (EDAB). 
The second hypothesis that the DMPOH and EDAB would not reduce cells 
viability was rejected, since both reducing agents tested (EDAB and DMPOH) 
decreased cell viability after 24 h of exposition; DMPOH presented similar reduced 
cells viability values compared to the commercial reducing agent, EDAB. The similar 
degree of conversion of both resin composites also indicates that after 
polymerization, the amount of unreacted substances was the same in both resin 
composites regardless the amine used as a co-initiator. As the polymeric chain is 
formed, some of these reagents stay trapped within that chain. So, despite these 
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reagents are not consumed, they are not able to be in direct contact with the oral 
environment, except by water lixiviating according to the degradation of the polymer 
chain over time (15). However as the polymer chain was the same for both 
composites, probably the same amounts of unreacted substances were lixiviated 
providing similar biological incompatibility as found in the results.  
Biological incompability is caused due to citotoxic effects of unreacted and/or 
leachable substances, such as monomers and photo-initaitors, when in contact with 
human oral tissues (23-24). Despite some monomers presents higher cytotoxicity 
compared to other, such as the BisGMA, the cytotoxicity effect is not only influenced 
only by individual components, but also by the synergistic or antagonistic interactions 
among them (24). Thus, unreacted and/or leachable resin monomers released from 
resin dental materials during the monomer-polymer conversion may be directly 
responsible and a major reason for cytotoxicity of resin materials (25).  
As the monomers are not able to be totally converted into polymers, its 
suggested that the less polymerized resin-based materials release the more amount 
of monomers through the dentin to the pulp causing higher citotoxic effects. As the 
monomeric matrix and monomer-polymer conversion were the same for both resin 
composites regardless the co-initiator associated to the camphorquinone, similiar 
citotoxic effects were expected. 
The third tested hypothesis that DMPOH and EDAB would have similar 
cytotoxicity was accepted, as both reducing agents, DMPOH and EDAB, had similar 
cytotoxicity by showing no significant difference in the cells viability after 1 h and 24 
h.  As the photo-activated samples of both reducing agent-based resin composites 
showed similar DC (%), the similar cytotoxicity is probably explained once cells 
viability was not differently affected by the different reducing agents tested (DMPOH 
and EDAB) as previous explained. Further some cytotoxicity is expected due to the 
fact that the non-body agents are not usually completely biocompatible with body 
cells (23). 
Thus, within the limitations in the experimental design, the following conclusion 
can be drawn: DMPOH presented similar cytotoxicity compared to EDAB reducing 
agent when associated to camphorquinone, being a possible co-initiator substitute to 
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Artigo: Effect of combining photoinitiators on initial color and color stability of 
dental resin-based composites 
Oliveira DCRS, Rocha MG, Gatti A, Correr AB, Ferracane JL, Sinhoreti MAC 




Objectives: To evaluate the effect of combining camphorquinone (CQ) and 
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) on initial color and color 
stability of dental resin-based composites (RBC). 
Methods: Experimental RBCs were produced with different CQ and TPO molar 
concentrations: CQ-only, 3CQ:1TPO, 1CQ:1TPO, 1CQ:3TPO, and TPO-only. Disk-
shaped specimens of each RBC (Φ=5x1 mm thick, n=3) were light-cured with 20 
J/cm2 and submitted to 120 h of ultraviolet-light aging to induce color change. Color 
measurements were taken of pre- and immediately post-cured and post-aged 
specimens using spectrophotometry. Color change was calculated using ΔE00 
formula. Data were submitted to one-way ANOVA and Tukey’s test (α=0.05; β=0.2). 
Results: TPO addition to a CQ-based composite reduced the ΔE00 after cure and 
over time in a systematic manner based on concentration (p<0.001). In L* 
component, a decrease after cure and an increase after aging were observed. There 
were no differences in L* values after cure; TPO concentration influenced on highest 
L* values after aging. In a* component, an increase after cure and a decrease after 
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aging were observed. TPO concentration influenced on highest a* values. Lastly, 
in b* component, a decrease after cure was observed; however, CQ-based 
composites presented an increase in b* after aging while the composite containing 
just TPO presented a decrease. TPO addition to CQ-based composites influenced on 
lowest b* values before and after cure and reduced the amount of yellow after aging 
according to its concentration. 
Conclusions: TPO addition to CQ-based composites reduced the initial yellowness of 
the material and yellowing in long-term.  
Key-words: color change; ultraviolet-light aging, camphorquinone, TPO. 
 
Clinical Statement 
Resin-based composites containing combined photoinitiators such as CQ and 
TPO might have interesting clinical and esthetic benefits, such as, easier color 
selection and reduced yellowing in long-term. 
 
1. Introduction 
Norrish type I photoinitiators have been often used in order to totally or 
partially substitute camphorquinone (CQ) in commercial resin-based materials for 
esthetic reasons.1 CQ is a Norrish type II photoinitiator, which means, it requires a 
co-initiator to react with and initiates the polymerization; while Norrish type I 
photoinitiators forms radicals by molecular cleavage photolysis.2 This co-initiator 
used as a reducing agent for CQ is based on tertiary amine compounds that suffer 
oxidation and causes a yellowing effect on the color of these materials in long-term.3 
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Thus, as Norrish type I photoinitiators do not require co-initiators; it potentially 
reduces the long-term yellowing effect caused by the oxidation of the tertiary 
amines.4  
Norrish type I photoinitiators, such as, compounds derived from acylphosphine 
oxides are also lightener colored in comparison to CQ. Then, while CQ is a yellow 
colored compound that can affect the color of bleach-shaded materials; Norrish type I 
photoinitiators can be used instead or combined and reduce overall yellowness.5 The 
color of these Norrish type I photoinitiators is due their maximum absorbencies at the 
near UV region that extend slightly in the violet visible light spectrum (380-420nm), 
while CQ have maximum absorbance at the blue visible spectrum (420-495nm).2;4 
Thus, as CQ highly absorbs blue light spectrum into 420-495nm, it highly reflects the 
complementary region of the spectrum, orange-yellow, which is responsible for its 
coloration. While as the Norrish type I photoinitiators slightly absorbs violet light 
spectrum into 380-420nm, it slightly reflects the complementary region of the 
spectrum, light yellow. 
Withal light-transmittance through the material is reduced at shorter visible 
wavelength in comparison to longer visible wavelength.6-7 Thus, there are limitations 
for the depth of cure for resin-based materials cured with violet spectrum (380-
420nm) in comparison to blue spectrum (420-495nm).5 This is especially important 
for resin-based composites, which need to achieve depth of cure to maintain 
physical-mechanical properties throughout the restoration.  
The combination of CQ and compounds derived from acylphosphine oxides, 
such as diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO), showed to be an 
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efficient solution to reduce the depth of cure limitation of Norrish type I 
photoinitiators with absorbencies at short wavelengths and achieve similar depth of 
cure to resin-based composites containing CQ as photoinitiator.5 Thus, this study 
aims to further evaluate the effect of combining CQ and TPO on initial color and color 
stability of dental resin-based composites in comparison to when CQ or TPO were 
used as the only photoinitiator. The research hypotheses tested were that: (1) 
Combining CQ and TPO as photoinitiators will reduce initial yellowness of resin-
based composites in comparison to when CQ was used as the only photoinitiator; (2) 
Combining CQ and TPO as photoinitiators will reduce yellowness of resin-based 
composites in long-term in comparison to when CQ was used as the only 
photoinitiator. 
 
2. Materials and Methods 
2.1. Experimental resin-based composites  
Table 1 lists the monomers and filler particles and each weight concentration 
used to blend the experimental RBCs. The monomers were blended using a 
centrifugal mixing device (SpeedMixer, DAC 150.1 FVZ- K, Hauschild Engineering, 
Hamm, North Rhine-Westphalia, Germany). To this resin blend, different molar 
concentrations of CQ-amine (1:1)4;8 and TPO were added as shown in Table 2. 
0.01wt% of 2,6-bis(1,1-dimethylethyl)-4-methylphenol was added as an inhibitor. 
Subsequently, the filler particles were added, first by pre-mixing the fumed silica filler 
with the resin blend for 30 seconds at 3000rpm, followed by the BaBSiO2 filler for 1 
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minute at 3500rpm. Then, each RBC was mixed one final time for 1 minute at 
3500rpm under vacuum. 
 
2.2. Light-curing unit characterization 
The mean irradiance (mW/cm2) of the broad spectrum LED (Valo Cordless, 
Ultradent, South Jordan, UT, USA) was measured using a portable spectrometer-
based instrument (CheckMARC, BlueLight Analytics, Nova Scotia, Canada) in order 
to calculate the time of light curing needed to produce a radiant exposure of 20 
J/cm2. 
 
2.3. Color analyses 
Disk-shaped specimens of each RBC were made in Delrin rings (Φ=6mm, 
1mm thick) with Mylar strips covering the top and bottom. The color parameters of 
each specimen (n=3) were obtained with a D65 illuminant over a white background 
(CIE L* = 91.1, a* = 1.2 and b* = -3.4, Y = 78.8) using a calibrated chromameter 
(CM700d, Konica Minolta, Tokyo, Japan). Three measurements were taken of each 
pre- and immediately post-cured and post-aged specimen. Color changes before and 
after light curing and before and after aging were calculated using ΔE00 formula.9-10 
∆E00 = [(∆L/kL.SL)2 + (∆C/kC.SC)2 + (∆H/kH.SH)2 + RT.(∆C/kC.SC)⋅( 
∆H/kH.SH)]0.5 where ∆L, ∆C and ∆H are the differences in lightness, chroma and hue, 
and RT is a function that accounts for the interaction between chroma and hue 
differences in the blue region. The weighting functions, SL, SC, and SH are used to 
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adjust the total color difference for variation in the location of the color difference 
pair in the L*, a* and b* coordinates.  The parametric factors KL, KC, and KH, are 
correction terms for the experimental conditions, which were set to 1. 
Differences in each inherent color parameter were determined as ΔL, 
Δa, and Δb by subtracting each pre- and immediately post-cured and post-aged co-
ordinate parameter value (+a* = red, −a* = green; +b* = yellow, −b* = blue; +L* = 
white, -L* = black).  
 
2.3. Ultraviolet-light aging  
The specimens were submitted to the ultraviolet-light aging method for 
120 hours using only the UV-B cycle exposure at 37oC, similar to that proposed in 
ISO 7491 (2000).11 To standardize the light exposure, the specimens were placed at 
10cm distance from the ultraviolet-light (UV-B 313, Equilam, Diadema, SP, Brazil).3 
 
2.4. Statistical analysis 
A one-way analysis of variance was used for statistical analysis of the ΔE00, 
ΔL, Δb and Δa values. The Tukey’s test was applied for multiple comparisons 
(p=0.05) among the different photoinitiator systems tested. Power analysis was 
conducted to determine sample size for each experiment, and it was determined that 







Figure 1 shows the color change (ΔE00) after cure for each resin-based 
composite containing the different photoinitiator ratios with differences in L, a and b 
coordinates. CQ-only presented the highest overall color change. TPO addition to a 
CQ-based composite reduced the amount of color change after cure in a systematic 
manner based on concentration (p<0.001). The highest concentrations of TPO 
influenced on the highest changes in L axis, while the highest concentrations of CQ 




Figure 1. For each of the experimental dental composite resins, the mean ΔE00, Δa, 
Δb, and ΔL values after cure are provided with standard error values. 
 
Figure 2 shows the color change (ΔE00) after aging for each resin-based 
composite containing the different photoinitiator ratios with differences in L*, a* and 
b* components. Highest concentrations of CQ showed the highest overall color 
change after aging. TPO addition to CQ-based composites beginning at 50% 
reduced the amount of color change after aging (p<0.001). The highest 
concentrations of TPO influenced on the highest changes in L* axis, while the highest 
concentrations of CQ influenced on the highest changes in a* and b* axes. CQ 
presented high yellowing after aging while TPO, brighter. Thus observing Δb it is 
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possible to notice that TPO addition to CQ-based composites reduced the 
amount of yellow after aging according to its concentration (p<0.001).  
Figure 2. For each of the experimental dental composite resins, the mean ΔE00, Δa, 
Δb, and ΔL values after aging are provided with standard error values. 
 
Figure 3a-c shows L*, a* and b* coordinate values before cure, after cure and 
after aging for each resin-based composite containing the different photoinitiator 
ratios. Observing Figure 3a, it is possible to notice that all resin-based composites 
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showed a decrease in L* after cure followed by an increase after aging. There 
were no differences in L* values after cure; TPO concentration influenced on highest 
L* values after aging. Figure 3b shows that all resin-based composites also showed 
an increase in a* after cure followed by a decrease after aging. TPO concentration 
influenced on highest a* values at all times of measurement. Lastly, Figure 3c shows 
that all resin-based composites also showed a decrease in b* after cure; however, 
CQ-based composites presented an increase in b* after aging while the composite 
containing just TPO presented a decrease. TPO addition to CQ-based composites 
influenced on lowest b* values before and after cure and reduced the amount of 
yellow after aging according to its concentration. 
Figure 3. For each of the experimental dental composite resins, pre- and immediatly 
post-cured and post-aged values are provided for each color componente: (A) L* 
component; (B) a* component; (C) b* component . 
 
4. Discussion 
The first research hypotheses, that combining CQ and TPO as photoinitiators 
will reduce initial yellowness of resin-based composites in comparison to when CQ 
was used as the only photoinitiator could not be rejected. As observed in Figure 3c, 
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the addition of a brighter photoinitiator, such as TPO, to CQ-based composites 
reduced the latter yellowed coloration before and after cure. 
CQ is a yellow colored molecule due its electronic transition that is responsible 
for absorbing the electromagnetic spectrum into 420-495 nm, the blue light, and 
reflecting the complementary electromagnetic spectrum, the yellow.4;12 Thus, the 
yellow light reflected corresponds to its coloration. However, when CQ absorbs blue 
light, its electronic transition changes from a ground state energetic level to an 
excited state. This electronic transition change after photo-activation is responsible 
for its reaction with a co-initiator, the tertiary amine, that initiates the polymerization;2 
but it is also responsible for the discoloration of the molecule due optical pumping 
after molecular rearrangement. This explains the concentration dependence of CQ 
for the highest b* values before cure, as well as the highest changes in b after cure, 
which is called as a photo-bleaching effect as observed in Figure 1.  
TPO is a brighter molecule that absorbs light mainly in the near ultra-violet 
spectrum and slightly extends to the visible spectrum in its ground states with an 
absorption peak at 380 nm.4;13 Thus, when TPO absorbs violet light into 380-420 nm, 
the cleavage of the C-P bond of its molecule forms acyl and phosphonyl radicals.2 
This photochemical process also called as photolysis leads to a photobleaching 
effect due to a different absorption spectrum, as observed in Figure 1.  
The second research hypothesis that, combining CQ and TPO as 
photoinitiators will reduce yellowness of resin-based composites in long-term in 
comparison to when CQ was used as the only photoinitiator could neither be 
rejected. As observed in Figure 3c, the composite containing only CQ as 
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photoinitiator presented an increase in b* after aging while the composite 
containing just TPO presented a decrease. Thus, TPO addition to CQ-based 
composites reduced the amount of yellow after aging according to its concentration. 
Despite the photobleaching after cure of CQ-based composites, an increase in 
the b component after aging. Non-reacted reducing agents used in combination with 
CQ are avenues for unsaturation to be formed upon coupled electron transfer. The 
tertiary amines are able to absorb UV-light during aging changing its electronic 
transition from a ground state to an excited state. These excited molecules are 
capable of further reacting with other molecules and from this reaction, larger and 
more conjugated systems are formed. The more conjugated the molecule formed is, 
more saturated is the color change.4 This explains the higher color change after 
aging, especially in the b component, as higher was CQ concentration (Figure 2). 
As described before, when TPO absorbs violet light into 380-420 nm, the 
photolysis of TPO molecule causes a photobleaching effect due to differences on 
absorption spectra of the radicals formed from the original TPO molecule. This 
phenomenon also occurred during aging due the high-intensity UV-light exposure.3 
However, the lower mobility of these radicals into the filled resin polymer formed 
disrupts the interaction with a non-reacted monomer to undergo further 
polymerization.14 Then, there is a possibility that these radicals return to its ground 
state by chain termination or stay trapped into the polymer matrix. The latter, 
however, would contribute to the maintenance of this photobleaching effect after 
aging observed in Figure 2.  
As could be observed in the study, TPO addition to CQ-based composites 
		
156	
reduced the initial yellowness of the material as well as it yellowing in long-term. 
Consequently, it also reduced color change after cure, facilitating color selection and 
color matching during restorative procedures. The reduced yellowing in long-term 
also reduced overall color change over time, which is one the major reasons for 
replacing esthetic restorations. 
 
5. Conclusions 
Within the limitations of this in vitro study, the following conclusion can be 
drawn: TPO addition to CQ-based composites reduced the initial yellowness of the 
material as well as its yellowing in long-term. 
 
ACKNOWLEDGMENTS 
This study was supported by the FAPESP (grant #2013/04241-2) and BEPE 
(grant #03028-6).  
MR is a PhD Researcher at FAPESP (grant #2016/06019-3).  
 
REFERENCES 
1- Alvim HH, Alecio AC, Vasconcellos WA, Furlan M, de Oliveira JE, Saad JR. 
Analysis of camphorquinone in composite resins as a function of shade. 
Dental Materials. 2007;23(10):1245-9. 
2- Neumann MG, Schmitt CC, Ferreira GC, Correa IC. The initiating radical 
yields and the efficiency of polymerization for various dental photoinitiators 
excited by different light curing units. Dental Materials. 2006;22(6):576-84. 
		
157	
3- de Oliveira DC, Ayres AP, Rocha MG, Giannini M, Puppin Rontani RM, 
Ferracane JL, Sinhoreti MAC. Effect of Different In Vitro Aging Methods on 
Color Stability of a Dental Resin-Based Composite Using CIELAB and 
CIEDE2000 Color-Difference Formulas. Journal of Esthetic and Restorative 
Dentistry. 2015;27(5):322-30. 
4- de Oliveira DC, Rocha MG, Gatti A, Correr AB, Ferracane JL, Sinhoreti MAC. 
Effect of different photoinitiators and reducing agents on cure efficiency and 
color stability of resin-based composites using different LED wavelengths. 
Journal of Dentistry. 2015;43(12):1565-72. 
5- de Oliveira DC, Rocha MG, Correa IC, Correr AB, Ferracane JL, Sinhoreti 
MAC. The Effect of combining photoinitiator systems on the color and curing 
profile of resin-based composites. Dental Materials. [Ahead of publication]. 
6- dos Santos GB, Alto RV, Filho HR, da Silva EM, Fellows CE. Light 
transmission on dental resin composites. Dental Materials. 2008;24(5):571-6. 
7- Shortall AC, Palin WM, Burtscher P. Refractive index mismatch and monomer 
reactivity influence composite curing depth. Journal of Dental Research. 
2008;87(1):84-8. 
8- Schneider LF, Cavalcante LM, Consani S, Ferracane JL. Effect of co-initiator 
ratio on the polymer properties of experimental resin composites formulated 
with camphorquinone and phenyl-propanedione. Dental Materials. 
2009;25(3):369-75. 
9- CIE (Commission Internationale de l ́Eclairage). Colorimetry technical report. 
CIE Pub. No 15, 3rd ed. Vienna, Austria: Bureau Central da La CIE, 2004. 
		
158	
10- Sharma G, Wu WC, Daa EN. The CIEDE2000 color-difference formula: 
Implementation notes, supplementary test data, and mathematical 
observations. Color Research & Application. 2005;30(1):21-30. 
11- International Organization for Standardization. ISO 7491:2000. Dental 
Materials – Determination of colour stability, 2000. 
12- Studer K, Koniger R. Initial photoyellowing of photocrosslinked coatings. 
European Coatings Journal 2001;1:26–37. 
13- Neumann MG, Miranda WG, Jr., Schmitt CC, Rueggeberg FA, Correa IC. 
Molar extinction coefficients and the photon absorption efficiency of dental 
photoinitiators and light curing units. Journal of Dentistry 2005;33(6):525-32. 
14- Dickens SH, Stansbury JW, Choi KM, Floyd CJE. Photopolymerization kinetics 





Artigo: Curing profile of resin-based composites using polywave LEDs 
Oliveira DCRS, Rocha MG, Correr AB, Ferracane JL, Sinhoreti MAC 




Purpose: To evaluate the influence of beam-profile of polywave LEDs on light-
transmittance and curing profile of resin-based composites.  
Methods: Experimental composites were produced containing either 
camphorquinone (CQ) or diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) as 
photoinitiator. Polywave LEDs with bundle light guide tip (Bluephase G2, Ivoclar 
Vivadent) and with microlens tip (Valor Cordless, Ultradent) were characterized using 
a Beam Profiler. Block-sahpped samples (5x5x3 mm depth) were cured in a custom-
designed mold with either polywave LEDs positioned to compare the regions 
exposed to the 420-495 nm and 380-420 nm emittances. To map the cure profile, 
degree of conversion (DC) of longitudinal cross-sections from each block were 
evaluated by FT-NIR. Light-transmittance during curing were evaluated on 
specimens 1 to 3 mm thick. Data were analyzed using ANOVA and Tukey’s test 
(α=0.05; β=0.2).  
Results: There were differences in the beam profile and the overall radiant exposures 
transmitted through the resin-based composites using each LED (p<0.01, df=1 
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F=73.18). But there were no differences in the curing profiles provided by the 
different LEDs (p=0.89, df=12 F=0.52) and similar effects were found according to 
the different LED emittance regions (p=0.09, df=5 F=2.11). Up to 1 mm in depth, no 
differences in the DC were found between the photoinitiators. Starting at 2 mm in 
depth, the TPO- showed a decrease in DC under 420-495 nm emittance region, 
while CQ-based composite showed similar cure efficiency decrease at 3mm in depth 
under the 380-420 nm emittance region.  
Conclusions: The non-uniform multimode beam emitted from polywave LEDs can 
affect the depth of cure of resin-based composites containing alternative 
photoinitiators, regardless the type of shaper tip. 
Key words: degree of conversion, light-transmittance, beam profile, photoinitiator. 
 
Clinical Relevance Statement 
Clinicians should be aware that polywave LEDs emit non-uniform multi-mode beams that can 
affect the depth of cure of resin-based composites containing alternative photoinitiators. 




Light emitted diodes (LED) are efficient solid-state devices that convert 
electrical energy directly to electromagnetic radiation into visible light 
(electroluminescence). Incandescent bulbs used in quartz-tungsten-halogen curing 
lights (QTH) convert about 5 percent of their power into visible light, while LEDs 
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approach 15 to 20 percent. Also, QTH light bulbs last from 30 to 50 h, while LEDs 
light emission decays after 100,000 h of use.1-3  
LEDs, however, have a completely different spectral power distribution, 
which tends to be narrowband Gaussian with a specific peak and full width half 
maximum (FWHM) of a couple of tens of nanometers.2;4 The narrowband spectral 
emission from blue LEDs matches the absorption profile of camphorquinone (CQ) in 
420-495 nm, but a problem is stated for alternative photoinitiators with maximum 
absorbance in shorter wavelength ranges.5-6 
Alternative photoinitiators, such as diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) have been suggested to substitute CQ in 
resin materials for esthetic restorations due to CQ yellowed coloration.7-8 However, 
as their cure efficiency usually depends on its absorption in a different wavelength 
range from CQ, polywave LEDs are required for photoactivation instead of 
monowave LEDs that emit predominantly in the blue wavelength range.6 
Polywave LEDs were developed with a combination of two or more LED 
chips emitting different wavelength peaks. These combinations provided better cure 
efficiency for photocurable resin-based materials regardless the photoinitiator 
absorption in shorter wavelength ranges.9-10 However, the distribution of LED chips 
emitting different wavelengths seems to aggravate the non-uniform nature of the light 
beam output of these polywave LEDs.4;11-12 Different apparatus can be used to shape 
the light beam output from each LED chip, such as microlens that are capable of mix 
large portion of a multimode beam to give a more uniform beam output13 or optical 
fiber bundles used as light guides. The optical fiber bundles are also used to shape 
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the light beam output, but coherent bundles have aligned fiber optics from input 
to output that collimate the output beam, while incoherent bundles, are also capable 
to give a scrambled beam output due to the non-aligned fiber optics from the input to 
output causing the mix of the multimode beam.14 
Thus, as different output tips are capable of influence on the non-uniform 
nature of a multimode beam, the aim of this study was to evaluate the differences in 
the beam profile of two polywave LEDs with different output tips (microlens or bundle 
light guide) and its effect in light-transmittance and curing profile of resin-based 
composites containing different photoinitiators (CQ or TPO). The tested research 
hypotheses were that: 1- The beam profile of polywave LEDs with different output 
tips will be distinct; 2- The non-uniform beam emitted from polywave LEDs will affect 
the curing profile of resin-based composites. 
 
Methods and Materials 
Experimental resin-based composites  
Table 1 lists the monomers and filler particles and their concentrations used in 
the experimental resin-based composites. The monomers were blended using a 
centrifugal mixing device (SpeedMixer, DAC 150.1 FVZ- K, Hauschild Engineering, 
Hamm, North Rhine-Westphalia, Germany). To this resin blend, equimolar 
concentrations of either 0.2 wt% CQ-amine (1:1)6;15 or 0.4 wt% TPO were added. 
Subsequently, the fumed silica filler was pre-mixed with the monomer blend for 30 
seconds at 3000 rpm, followed by the barium borosilicate glass filler for 1 minute at 
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3500 rpm. Then, each resin-based composite was mixed one final time for 1 
minute at 3500 rpm under vacuum.  
 
Table 1 - Chemical products used in resin-based composites formulation. 
Material Chemical* Refractive Index 
Concentration 
(wt%) Manufacturer 
Monomer Bis-GMA 1.552 10.15 Sigma Aldrich, St. Louis, MO, USA 
Monomer Bis-EMA 1.535 11.375 Sigma Aldrich, St. Louis, MO, USA  
Monomer UDMA 1.461 11.375 Sigma Aldrich, St. Louis, MO, USA  
Monomer TEGDMA 1.483 2.1 Sigma Aldrich, St. Louis, MO, USA  
Filler Particle 0.05 µm fumed silica  1.535 13 Nippon Aerosil Co. Ltd., Tokyo, Japan 
Filler Particle 0.7 µm BaBSiO2 1.541 52 Esstech Inc., Essington, PA, USA 
* Bisphenol A diglycidilmethacrylate (Bis-GMA); Ethoxylated bisphenol A diglycidildimethacrylate (Bis-EMA); 
Triethylene glycol dimethacrylate (TEGDMA); Urethane dimethacrylate (UDMA). 
 
Polywave LEDs characterization 
The mean irradiance (He) of each polywave LED (Table 2) used in this study 
was evaluated using a portable spectrometer-based instrument (CheckMARC, 
BlueLight Analytics, Nova Scotia, Canada) in order to calculate the time of 
photoactivation (s) needed to produce a radiant exposure of 24 J/cm2. 
 
Table 2 - LED curing lights evaluated. 
LED curing light Manufacturer Wavelength Peaks* Irradiance* 
Valo Cordless  
(Standard Mode) 
Ultradent, South Jordan, 
UT, USA 
405nm (violet)                     
440nm (blue)                                
460nm (blue) 
1000 mW/cm2 
Bluephase G2  
(High Mode) 
Ivoclar Vivadent, Schaan, 
Liechtenstein 
413nm (violet)                              





The radiant exposure at 380-420 nm, 420-495 nm and over the whole 
ranges of wavelengths of each polywave LED were calculated by integrating the 
irradiance versus wavelength curves obtained from a spectrophotometer (MARC 
Resin Calibrator, BlueLight Analytics, Nova Scotia, Canada). Output tip type and LED 
distribution of each polywave LED is illustrated in Figure 1. 
Figure 1. Output tip and LED distribution of polywave LEDs: Valo Cordless and 
Bluephase G2. 
 
The beam profile of the polywave curing light was characterized by Blue Light 
Analytics. The irradiance and wavelengths of the emitted light distributed across the 
light tip was measured at the emitting surface using a laser beam analyzer (Model 
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SP503U, Ophir-Spiricon, Logan, UT) attached to a x-y-z positioning device 
mounted on an optical bench in order to standardize the positioning of the light beam 
in contact with the diffusive surface of the frosted quartz target (DG2X21500, Thor 
Laboratories, Newton, NJ) while the resulting image was recorded with the optical 
analysis software. The software was calibrated according to the pixel scale of the 
camera and the pixel dimensions to enable precise linear measurement of the light 
intensities. Lastly, narrow bandpass filters with full width at half maximum of 10 nm 
(FWHM = 10) (Thor Laboratories, Newton, NJ, USA) were used to differentiate the 
spectral output in the 400-410 nm and 455-465 nm wavelength peak regions. 
 
Absorption spectrophotometric analysis 
Spectrophotometric analysis was performed in order to evaluate the 
absorption of the photoinitiators in the 200–600 nm wavelength range using a UV–
Vis spectrophotometer (U-2450, Hitachi High- Technologies, Chiyoda, Tokyo, 
Japan). Each photoinitiator was diluted in 1mL of >99.5% ethanol (Sigma-Aldrich, St. 
Louis, MO, USA) at the same concentration as used to blend the experimental resin-
based composites. The spectra were collected using a quartz cell with a path length 
of 1cm. 
 
Radiant exposure transmitted 
Samples of each composite were performed using Delrin jigs (Ø=6 mm with 1, 
2 or 3 mm thick) placed over the bottom sensor (Ø=4 mm) of a spectrophotometer 
(MARC Resin Calibrator, BlueLight Analytics, Nova Scotia, Canada) with Mylar strips 
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on top and bottom surfaces. The irradiance at 380-420 nm, 420-495 nm and over 
the whole ranges of wavelengths at the bottom of each sample (mW/cm2) versus 
time (s) was recorded during curing (n=3) and the radiant exposure transmitted 
through each sample (J/cm2) was obtained from the integration of the irradiance 
versus time.  
 
Curing profile 
Blocked-shaped samples (5x5 mm, 3 mm depth, n=3) were produced by 
curing each experimental composite with a 24 J/cm2 in a custom-designed 
polymethylmethacrylate mold using either polywave LEDs tested (Table 2) with the 
light tip placed directly on the specimen surface with a Mylar strip covering the top. A 
jig was made to reproducibly position each polywave LED in order to establish the 
regions of the block directly exposed to the 380-420 nm and 420-495 nm LED 
emittances according to the distribution of each emitted LED wavelength from each 
polywave LED. 
To map the degree of conversion (DC) from top to bottom and across the 
breadth of the block, each block was sectioned with a diamond saw to produce a 
longitudinal cross-section (0.5 mm thick) of the center of each block. DC was 
evaluated with a FT-NIR Microscope (Nicolet Continuum, Thermo Scientific) coupled 
to a FT-NIR spectrometer (Nicolet Nexus 6700, Thermo Scientific). Spectra were 
obtained by the co-addition of 64 scans at a resolution of 4 cm-1. Vinyl conversion 
was determined based on the aliphatic absorption band at 6165 cm-1, using the 
aromatic band at 4623 cm-1 as an internal reference. Spectra were collected for the 
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polymerized longitudinal cross-section specimens of each block across the entire 
length and depth of the cross-section and for a non-polymerized sample of each 
experimental composite sandwiched between two glass plates (0.5 mm thick). The 𝑅 𝑛𝑜𝑛 𝑝𝑜𝑙 𝑥 100, where R is the ratio of peak areas at 6165 cm-1 and 4623 cm-1 in 
polymerized (pol) and non-polymerized (non pol) specimens.     
The results were exported to create color-coded maps to describe the DC as a 
function of position under the light beam using the Origin Pro software (OriginLab 
Co., Northampton, MA, USA). The map scales were set to indicate the maximum DC 
achieved and a reduction of 10% of the maximum DC in each subsequent color-
coded area.8  
 
Statistical analyses 
Statistical analyses were performed according to the different experimental 
designs. A split-plot analysis of variance (ANOVA) was used for the statistical 
analysis of the curing profile values and a two-way ANOVA for radiant exposure 
transmitted values. The Tukey’s test was applied for multiple comparisons (α=0.05) 
among the different photoinitiators, LED emittance regions and depths or thickness. 
Power analysis was conducted to determine sample size for each experiment to 









Polywave LED characterization 
Valo Cordless had a mean irradiance of 953 mW/cm2 ± 12 mW/cm2 and a total 
radiant exposure of 23.8 J/cm2 ± 0.3 J/cm2, with 18.4 J/cm2 ± 0.4 J/cm2 being 
contributed over the wavelength range of 420-495 nm and 5.4 J/cm2 ± 0.2 J/cm2 over 
the range of 380-420 nm. Bluephase G2 had a mean irradiance of 1195 mW/cm2 ± 
17 mW/cm2 and a total radiant exposure of 24 J/cm2 ± 0.5 J/cm2, with 19.4J/cm2 ± 0.6 
J/cm2 being contributed over the wavelength range of 420-495 nm and 4.6J/cm2 ± 0.3 
J/cm2 over the range of 380-420 nm.  
Figure 2 illustrates the beam profile of both polywave LEDs tested. Valo 
Cordless had an active area of emisson of 0.750 cm2 and a maximum irradiance of 
953 mW/cm2, but the irradiance and the wavelengths were not uniformly distributed 
across the tip. For the wavelength emisson between 420-495 nm, localized standard 
areas of higher irradiances of 1085 mW/cm2 and lower irrradiances of 397.5 mW/cm2 
were seen. For the wavelengths within 380-420 nm, localized areas of higher 
irradiances of 431 mW/cm2 and lower irradiances of 50 mW/cm2 were seen. 
Bluephase G2 had an active area of emisson of 0.646 cm2 and a maximum 
irradiance of 1195 mW/cm2, but the irradiance and the wavelengths were not 
uniformly distributed across the tip. For the wavelength emisson between 420-495 
nm, localized standard areas of higher irradiances of 1367 mW/cm2 and lower 
irrradiances of 837 mW/cm2 were seen. For the wavelengths within 380-420 nm, 
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localized areas of higher irradiances of 197 mW/cm2 and lower irradiances of 112 
mW/cm2 were seen. 
Figure 2. Beam profile images in 2D and 3D within 420-495nm and 380-420nm 
wavelengths. 
 
Absorption spectrophotometric  
Figure 3 illustrates the spectral irradiance for the polywave LEDs compared to 
the absorbance of each photoinitiator plotted against the wavelength. As can be 
observed, the absorption peak of CQ is approximately at 470 nm, which matches 
with the blue light spectrum emission peaks of the polywave LEDs at 440 nm and 
460 nm for Valo Cordless and 470 nm for Bluephase G2. While, the absorption peak 
of TPO is mainly in the near UV-A region and extends to the violet spectrum range, 
thus overlapping mostly with the violet light spectrum emission peak of the polywave 




Figure 3. Absolute irradiance (mW/cm2/nm) x wavelength (nm) for each polywave 
LED compared to the absorbance of CQ and TPO. 
 
Radiant exposure transmitted 
Figure 4 shows the radiant exposure transmitted through each resin-based 
composite at 1 mm, 2 mm and 3 mm thickness using each polywave LED tested. 
There were differences between the overall radiant exposures transmitted through 
the resin-based composites using each LED (p<0.01, df=1 F=73.18). Up to 2 mm in 
depth, the overall radiant exposure transmitted by Bluephase G2 was higher than by 
Valo Cordless; above 2 mm, no differences were found. These data consists with the 
radiant exposure transmitted over the wavelength range of 420-495 nm (p<0.01, df=1 
F=127.85); but no differences were found for the radiant exposure transmitted over 
the range of 380-420 nm (p=0.62, df=1 F=0.56). 
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Figure 4. Radiant exposure transmitted through each resin-based composite at 1 
mm, 2 mm and 3 mm thickness using each polywave LED. 
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For Bluephase G2, no differences were found between the overall radiant 
exposures transmitted through CQ- and TPO-based composites (p=0.95, df=1 
F=0.01); but there were differences between radiant exposures transmitted through 
the composites over different wavelength spectrums (p<0.04, df=1 F=4.98 and 
p<0.01, df=1 F=55.84, respectively). Up to 2 mm, the radiant exposure transmitted 
through TPO- was higher than through CQ-based composite over 420-495 nm. Till 3 
mm, the radiant exposure transmitted through CQ- was higher than TPO-based 
composite over 380-420 nm. 
For Valo Cordless, there were differences between the overall radiant 
exposures transmitted through CQ- and TPO-based composites (p<0.04, df=1 
F=12.41). At 1 mm in depth, higher overall radiant exposure transmitted was found 




Figure 5 illustrates the curing profiles of CQ- and TPO- based composites 
according to the different LED emittance regions (380-420 nm, 420-495 nm and the 
overlap in between). A descriptive analysis is also shown in Table 3. As can be 
observed, no differences in the DC were found between composites photoactivated 
by either of the polywave LEDs tested (p=0.89, df=12 F=0.52) and similar effects 
were found according to the different LED emittance regions (p=0.09, df=5 F=2.11). 
Up to 1 mm in depth, no differences in the DC were found between the 
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photoinitiators. Starting at 2 mm in depth, the TPO- showed a decrease in DC 
under 420-495 nm emittance region, while CQ-based composite showed similar cure 
efficiency decrease at 3mm in depth under the 380-420 nm emittance region. 
 
 
Figure 5. Curing profiles of CQ- and TPO- based composites according to the 




The first research hypothesis that the beam profile of polywave LEDs with 
different output tips will be distinct could not be rejected. The beam profile images 
(Figure 2) show that despite the presence of high and lower emittances, there is 
some measurable irradiance of both types of LEDs emitting 380-420 nm and 420-495 
nm wavelength ranges across the entire light tip of both polywave LEDs. However, 
highest irradiances are clearly localized near each respective LED chip emittances. 
Differences in the light diffusion extent between the different wavelengths are 
expected due to the higher irradiance and quantity of the LED chips emitting 420-495 
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nm in comparison with the shorter wavelength at 380-420 nm.12;16 However, 
these differences are also expected to be reduced according to the light beam output 
shaper of different tips.  
As a limitation of the method, the beam profile images are a projected light 
beam emitted from the curing light onto a diffusive quartz glass. Thus, it may cause 
dispersion of the real beam output pattern. However, differences in the light diffusion 
extent between different light beams from the different output shaper tips tested were 
still perceptible. Different from the microlens that is a diffusive quartz lens, the optical 
fiber bundles are only capable to mix a multimode beam when the fiber optics are not 
aligned (incoherent bundle) causing a scrambled beam output. As the Bluephase G2 
tip is a coherent bundle, aligned fiber optics are capable of collimating the output 
beam but not reducing its non-uniformity as Valo Cordless (microlens). 
Thus, as previously stated, the non-uniformity in distribution of LED chips 
emitting different wavelengths can affect the extent and the rate of cure efficiency of 
resin-based materials.10;16-17 However, differences in light beam output from different 
shaper tips could not settle this problem. The second research hypothesis that the 
non-uniform beam emitted from polywave LEDs will affect the curing profile of resin-
based composites could not be rejected. Lower DC at greater depths were found 
under different LED emittance regions for each photoinitiator. But, despite the 
differences between beam profile from both polywave LEDs tested, no differences 
were found between the curing profile provided by the different polywave LEDs. 
As observed in Figure 4, there were minor differences between the radiant 
exposures transmitted through the composites using the different polywave LEDs. 
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However, it was not sufficient to influence on the degree of conversion, as 
demonstrated in the curing profiles (Figure 5). Also, the light scattering caused by the 
differences between the refractive index of the filler particles and the organic matrix 
(Table 1) seems be the most effective factor to reduce the non-uniformity of the light 
output from polywave LEDs, explaining the uniformity of the curing profile in regard to 
the non-uniformity of the polywave multimode beam output.8 
According to Rayleigh’s scattering theory, it is expected that light 
transmission into deeper portions of a restoration might be reduced at shorter 
wavelengths.18-19 Thus, as the maximum absorption of TPO exclusively falls in the 
shorter wavelength range of the emission spectrum (380-420 nm) in comparison to 
CQ (420-495 nm), it clearly imposes different limitations for depth of cure according 
to the different wavelength ranges.  
The different cure efficiency in depth according to the type of photoinitiator 
and the LED emittance region establishes the influence of the non-uniform multimode 
beam of polywave LEDs on the curing profile of resin-based composites containing 
different photoinitiators.10;16-17 However, it does not necessarily influence the cure 
efficiency of the entire restoration.10 As observed in this study, the degree of 
conversion of CQ-based composites was just affected starting at 3 mm in depth, 
which does not affect the conventional incremental restorative technique till 2 mm in 
depth. TPO-based composited, however, presented decreased DC at 2 mm in depth 
under 420-495 nm emittance region, which is clearly related to the lower light 
scattering extent of the shorter wavelength through the composite in depth. 
Thus, as could be observed in this study, there were no differences between 
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the curing profiles provided by the different polywave LEDs. Also, similar effects 
of the different LED emittance regions were found regardless the different light beam 
shaper tips (microlens or coherent bundle). Many factors can influence the light 
distribution through the resin-based composites, such as differences in the refractive 
index of resin matrix and filler content18-19 and it is difficult to predict the real effect of 
the beam profile into the curing profile of resin-based composites. However, within 
the limitations of this study, standardized experimental resin-based composites 
containing the same resin matrix and filler content varying just the type of photo-
initiator allowed the conclusion that the non-uniformity of a multimode beam from a 
polywave LED can influence on the depth of cure of resin-based composites 
regardless the type of shaper tip. But it is not necessary clinically significant in some 
cases. For CQ-based conventional composites, for example, it was just harmful after 
3 mm in depth. However, further studies are still needed to evaluate the influence of 
multimode beams on the curing profile of bulkfill resin-based composites up to 4 mm 
in depth. As a proper differently formulation is used in order to increase light-
transmittance through these materials and increase depth of cure, it would be 
interesting to further explore how far does short wavelengths can be scattered 
through bulkfill composites.   
 
Conclusion 
Within the limitations of this study, the following conclusion can be drawn: 
The non-uniform multimode beam emitted from polywave LEDs can affect the depth 
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of cure of resin-based composites containing alternative photoinitiators, 
regardless the type of shaper tip. 
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